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"The r e l a t i o n  betw een an anim al community and. 
a b io c o en o s is , however, cannot be so lv ed , un­
t i l  we have acq u ired  a d e ta i le d  knowledge o f 
the  b io lo g y  o f  each s in g le  sp ec ie s  o f  in v e r te ­
b ra te  l iv in g  in  a  ' community. 1 and u n t i l  we 
have c lea re d  up t h e i r  requ irem en ts  as regards 
food , s a l i n i t y ,  tem p era tu re , su b stra tu m , s u r ­
rounding an im als, and -  above a l l  -  t h e i r  b re e d ­
ing  h a b its  and mode o f  l a r v a l  developm ent."
D r. C-unnar Thors on, I 9I46 .
R eproduction and L arv a l Develop­
ment o f Danish H a rine~B ottom 
In v e r te b r a te s , p .  7* ~
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SECTION I .
INTRODUCTION
I t  would be d i f f i c u l t  to  e s tim a te  the  im petus g iven  m arine eco logy  
by th e  p u b lic a t io n  in  19h& o f  33r. Gunnar T horson 's  comprehensive volume 
on the e a r ly  l i f e  h i s to r ie s  o f Danish marine bottom  in v e r te b r a te s . This 
work and h is  subsequent papers on marine bottom  communities co n sid e r the  
methods and p rov ide  the  b a s ic  d a ta  fo r  com parative s tu d ie s  e lsew h ere . In  
a d d it io n , Thorson has in d ic a te d  what complementary re se a rc h  i s  necessary  
i f  we are  to  reach  a c le a r  und ers tan d in g  o f the  ecology o f  the  l e v e l  sea  
bo ttom . He has p laced  prime emphasis on the study  o f  l i f e  h i s to r i e s  o f  
sp ec ie s  th a t  belong to  taxonomic groups which have a wide geographic 
d i s t r i b u t io n .  In  p a r t i c u la r ,  a knowledge o f the type o f l a r v a l  develop­
m ent, th e  le n g th  o f  l a r v a l  l i f e ,  and the  l a r v a l  food requ irem en ts i s  
e s s e n t ia l  to  any c o n s id e ra tio n  o f  the  problem o f how bottom  communities 
a re  formed and how th ey  m a in ta in  th em selv es .
Through h is  s tim u lu s , s tu d ie s  have been u n dertaken  along a s im ila r  
p la n  by b io lo g is ts  a t  v a rio u s  la b o ra to r ie s  e lsew here . As a r e s u l t ,  we 
a re  beginn ing  to  acqu ire  q u a n t i ta t iv e  d a ta  on the  fau n a l p o p u la tio n s  
e x is t in g  on the  shallow  a reas  o f  the  c o n tin e n ta l  sh elves along the m ajor 
la n d  masses o f the  w orld (Thorson 1958)•
In  c o n tr a s t ,  the  e q u a lly  im p o rtan t and c o r r e la t iv e  re se a rc h  con­
cern ing  th e  b io lo g y  o f the  component sp ec ie s  has no t been un d ertak en  to  
th e  same e x te n t .  Thus we s t i l l  lack  a  knowledge o f the  l i f e  h i s to r y  and 
au teco lo g y  o f  even th e  m a jo r ity  o f  dominant organism s p re se n t i n  the 
bottom  communities which have been  mapped f o r  th e  c o a s ta l  w aters  o f the
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U nited  S ta t e s .  This may be a t t r ib u te d ,  a t  l e a s t  i n  p a r t ,  to  th e  
n o tab le  la c k  o f  m arine la b o ra to r ie s  i n  n o rth  tem perate re g io n s  th a t  
m a in ta in  year-round  sea  w a te r system s (H ia t t  19$h) •
R earing  o f  la rv a e  o f  m arine in v e r te b ra te s  i n  mass c u ltu re s  i s  a 
r e l a t i v e l y  new developm ent i n  th e  f i e l d  o f  m arine b io lo g y  and no 
s ta n d a rd  p rocedures e x i s t  t h a t  w i l l  a ssu re  s u c c e ss . However, such 
s tu d ie s  must be u n d ertak en  on a  la r g e r  s c a le  th a n  a t  p re s e n t i f  we are  
to  have th e  means o f so lv in g  many o f  the  problem s fa c in g  m arine b io lo g y . 
This was em phasised by a number o f  c o n tr ib u to rs  to  th e  Symposium on 
P e rsp e c tiv e s  i n  K arine B5 '/logy h e ld  a t  S cripps I n s t i t u t i o n  o f  Oceanogra­
phy on March 2li -  A p r il  2, 1)$6. I n  p a r t i c u l a r ,  th e  opening pap er a t  
t h i s  m eeting by D r. K. M. Rae (1958), Param eters o f  th e  Marine 
Environm ent, poses a  s tro n g  ch a llen g e  to  m arine b i o l o g i s t s . He s a id ,  
" . . . u n t i l  we become more adep t a t  b rin g in g  m arine anim als under our 
c o n tro l  . . .  we a re  n o t w e ll p rep a red  to  tak e  advantage, o f  many o f  th e  
e x c e l le n t  tech n iq u es  o f  the  e x p e r im e n ta lis t ,  be he a b io ch em ist, a 
b io p h y s ic is t ,  a g e n e t i c i s t ,  o r a m ic ro b io lo g is t ."
The a u th o r 's  employment as a G raduate Fellow  a t  th e  Woods Hole 
O ceanographic I n s t i t u t i o n  ( r e f e r r e d  to  h e r e a f te r  as W .H.Q'.I.) i n  the  
summer o f  1957 p rov ided  an e x c e l le n t  o p p o rtu n ity  to  e n te r  in to  a  
re se a rc h  p r o je c t  o f  t h i s  ty p e . The problem u n d ertak en  was a s tu d y  o f  
th e  re p ro d u c tio n  and e a r ly  l i f e  h i s to r y  o f  th re e  sp e c ie s  o f  gastropod  
m ollusks (P o l in ic e s ;N a tic id a e ) .
This and o th e r  genera  o f  the  fam ily  N a tic id ae  a re  f r e q u e n tly  a 
p a r t  o f  l e v e l  bottom  communities from th e  h ig h - a r c t ic  to  th e  t r o p ic s  
w herever pelecypod m ollusks c o n s t i tu te  th e  dominant fauna (Thorson 1958).
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The m a jo r ity  o f  th e  sp ec ie s  d e sc rib ed  a re  known to  be ca rn iv o ro u s , 
fe ed in g  p r im a r i ly  on the  pelecypod m ollusks a v a i l a b le . In  ca rry in g  
on t h i s  p re d a to ry  e x is te n c e , th e y  rem ain in  the substra tum  a la rg e  
p o r t io n  o f  the  tim e, e i th e r  feed in g  o r  in  sea rch  o f  p re y . Thus they  
a re  e s s e n t i a l l y  a p a r t  o f  the  in fa u n a l p o p u la tio n . In  th i s  re s p e c t  
th ey  occupy a r a th e r  unique h a b i ta t  amongst gastropod  bottom  d w e lle rs , 
which are  g e n e ra lly  a s so c ia te d  w ith  th e  e p ifa u n a l p o p u la tio n .
T heir ro le  as secondary consumers p la c e s  th e se  gastropods near 
th e  top o f  th e  tro p h ic  le v e l  system f o r  bottom  com m unities. This 
p re d a to ry  a sp ec t r e la te s  d i r e c t ly  to  such e c o lo g ic a l c o n s id e ra tio n s  
as s tan d in g  crop , m a te r ia l  removed, and p ro d u c tio n  (C larke 19 ij6 ). In  
a d d itio n , such p re d a tio n  has a s ig n i f ic a n t  e f f e c t  on the  commercial 
s h e l l f i s h  ca tch  i n  New England f o r  such sp ec ie s  as the  quahog,
M ercemaria m ercenaria  (IA nne), the s o f t - s h e l l  clam, i-lya a re n a r ia  L inne, 
and th e  skimmer clam, S p isu la  s o lid is s im a  (D illw y n ).
A m ajor e f f o r t  in  s tu d ie s  w ith  sp ec ie s  t h a t  have p e la g ic  s tag e s  i s  
th e  re a r in g  o f  th e  la rv a e  to su c c e ss fu l  m etam orphosis. In  o rd e r to  
in c re a se  the  chances t h a t  a l l  phases o f  th e  problem could be com pleted, 
th re e  sp ec ie s  o f  clam d r i l l s  common i n  New England w a te rs , P o lin ic e s  
d u p lic a tu s  (Say), P . heros (S ay), and p . t r i s e r i a t a  (Say) were used  as 
re se a rc h  an im als. I t  was f e l t  t h a t  th i s  would a lso  p rov ide  v a lu ab le  
com parative d a ta  fo r  c lo se ly  r e la te d  s p e c ie s .
From p rev io u s  s tu d ie s  o f th e  e f f e c t s  o f  tem peratu re  and s a l i n i t y  
on th e  r a te  o f  p re d a tio n  by p . heros and P . d u p lic a tu s  (Hanks 1952,
1953) and w ith  o th e r  predaceous gastropods (Hanks 1957a), th e  au thor 
had acq u ired  co n sid e rab le  background in fo rm a tio n  reg a rd in g  th e  b io lo g y  
o f  th e  a d u lt  d r i l l s . Much a d d i t io n a l  d a ta  was a v a ila b le  from s h e l l f i s h
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in v e s t ig a t io n s  c a r r ie d  o u t by b io lo g is t s  a t  o th e r  la b o r a to r ie s  i n  
New England and so u th e rn  Canada.
The problem was fo rm ula ted  w ith  an e c o lo g ic a l v ie w p o in t. The 
aims o f  the  re se a rc h  program were th e  in v e s t ig a t io n  o f  re p ro d u c tio n , 
l a r v a l  developm ent, m etam orphosis, and th e  h a b its  o f  r e c e n t ly  m eta­
morphosed d r i l l s . This work was c a r r ie d  o u t in  the  la b o ra to ry  where 
anim als could be r e a d i ly  observed  and where t h e i r  environm ent could 
be e a s i ly  c o n tro l le d . The in fo rm a tio n  gained  from suuk o b se rv a tio n s  
and experim ents would th en  be a p p lie d  to  a d is c u s s io n  o f  th re e  
e c o lo g ic a l f a c to r s :  l a r v a l  m o r ta l i ty ,  food requ irem en ts o f  la rv a e ,
and tem peratu re  l im i ta t io n s  to  the  d i s t r ib u t io n  o f  P o l in ic e s .
I t  was considered  th a t  t h i s  approach m ight a id  i n  so lv in g  some 
o f  the  problems encoun tered  by f is h e ry  b i o l o g i s t s . I t  would a lso  
p rov ide  in fo rm a tio n  u s e fu l to  the d e s ig n  o f  f i e l d  experim ents w ith  
in v e r te b ra te  bottom  an im als.
The prim ary re se a rc h  aims in c lu d ed :
a .  To f in d  methods fo r  m ain ta in in g  d r i l l s  i n  mature sex u a l c o n d itio n  
throughout the y ear and o b ta in in g  egg c o l la r s  a t  a l l  tim es o f  
y e a r .
b .  To observe th e  normal developm ent o f  the  eggs and la rv a e  o f the 
th re e  sp ec ie s  o f d r i l l s .
c .  To determ ine the  p e rio d  o f  free-sw im m ing, p e la g ic  l a r v a l  e x is te n c e .
d .  To s tu d y  the  food requ irem en ts o f  th e  p e la g ic  la rv a e .
e .  To observe th e  feed in g  h a b its  and determ ine th e  food o f  r e c e n t ly  
metamorphosed d r i l l s .
f .  To determ ine the  s iz e  an d /o r age a t  which d r i l l s  become s e x u a lly  
m a tu re .
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Secondary re se a rc h  aim s, dependent on th e  su ccess  o f  th e
p rim ary  aim s, in c lu d ed  s tu d ie s  o f :
a .  The e f f e c t  o f  d i f f e r e n t  w a te r tem p era tu res  on th e  developm ent 
o f  eggs and la r v a e .
b .  The e f f e c t  o f th e  su bstra tum  an d /o r a v a ila b le  food as an 
inducem ent fo r  metam orphosis o f  l a r v a e .
c .  The food v a lu e , as m easured by  l a r v a l  growth, o f  v a rio u s  
sp ec ie s  o f  a lg a e .
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SECTION I I .
REVIEW OF THE LITERATURE
The Fam ily N a tic id ae  i s  re p re se n te d  i n  m arine communities 
from the  a r c t i c  w aters  o f G reenland (Thorson 1936) to  th e  t r o p i c a l  
w a te rs  o f  th e  In d ia n  Ocean (N a ta ra jan  1957)* Thus, v a rio u s  sp ec ie s  
o f  n a t ic id s  are  f r e q u e n tly  in c lu d ed  i n  r e g io n a l  fa u n a l l i s t s .
D esp ite  t h i s ,  th e  b io lo g y  o f  th ese  gastropods has not been  t r e a te d  
e x te n s iv e ly  in  th e  l i t e r a t u r e  excep t from somewhat s p e c ia l iz e d  
p o in ts  o f view . P ub lished  s tu d ie s  on n a t ic id s  c e n te r  about th re e  
a sp e c ts  o f  re s e a rc h . These a re :  t h e i r  method o f  fe ed in g , th e i r
im pact as p re d a to rs  o f  commercial m o llu sks, and t h e i r  ro le  i n  bottom  
com m unities.
Most o f  th e  p apers  which d isc u ss  the method o f feed in g  d e a l 
p r im a r i ly  w ith  the  problem  o f  how the  d r i l l s  p e n e tra te  th e  s h e l l  o f 
t h e i r  pelecypod p re y . An e a r ly  work i s  th a t  o f  Schiemenz (1891) 
who proposed a method of chem ical "b o rin g ."  Ankel (1937, 1938) 
extended th i s  re se a rc h  and a lso  concluded th a t  th e  b o rin g  was a 
chem ical p ro c e s s . S ince no a c id  was dem onstrated  to  be p re s e n t  i n  
th e  anim als by e i th e r  o f  th e se  in v e s t ig a to r s ,  Arikel suggested  th a t  
an enzyme, "C a lca se ,"  was in v o lv e d . Ankel considered  th i s  s h e l l  
d is so lv in g  agen t to  be s e c re te d  from a "bo ring  gland" (B ohrdruse) 
lo c a te d  a t  th e  b ase  o f  the  p ro b o sc is  o f n a t ic id  d r i l l s .
C a rr ik e r  (191)3) con tinued  re se a rc h  on th i s  problem  u s in g  the 
m uric id  d r i l l ,  U rosalp inx  c in e re a  Say . He p ro v id es  a d e ta i le d  
d e s c r ip t io n  o f  the  fu n c t io n a l  anatomy o f ihe  p ro b o sc is  o f  t h i s  s p e c ie s .
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His o b se rv a tio n s  o f  d r i l l i n g  by  U. c in e re a  le d  him to  conclude th a t  
p e n e tra t io n  o f  the p r is m a tic  la y e r  o f a  pelecypod s h e l l  i s  a id ed  by 
a  s e c re t io n  from a g la n d u la r  s t r u c tu r e  lo c a te d  i n  th e  a n te r io r  m id- 
v e n tr a l  re g io n  o f  the  f o o t .  T his gland was d iscovered  by  F r e t t e r  
(19Ijl) i n  two B r i t i s h  d r i l l s ,  N ucella  (= T h a is) l a p i l l u s  (L inne) 
and Ocenebra e r in acea  (L in n e), and i s  c a l le d  the accesso ry  p ro b o s c is . 
At t h a t  tim e , F r e t t e r  co n sidered  t h a t  the  accesso ry  p ro b o sc is  d id  
p la y  some ro le  in  th e  b o ring  p ro c e s s . However, a f t e r  f u r th e r  re se a rc h  
( F r e t te r  191)6) she concluded th a t  the  fu n c tio n  o f  th i s  g land i s  the  
s e c re t io n  o f  an adhesive m a te r ia l  which allow s th e  d r i l l  to  m a in ta in  
a firm  p o s i t io n  on th e  s h e l l  du ring  the  d r i l l i n g  p ro c e ss . A lthough 
th i s  g land i s  n o t found in  n a t ic id  d r i l l s ,  i t  has c e r ta in  h is to lo g ic a l  
s im i la r i ty  to  the  ’’b o rin g  g land” p re s e n t on th e  p ro b o sc is  o f  n a t ic id s  
( F r e t te r  19l)l, 191)6; F isc h e r , 1922).
Jensen  (1951a, 1951b) o f f e r s  evidence fo r  ex c lu s iv e  m echanical 
b o rin g  by n a t ic id s  through the w a lls  o f  egg cases o f c e r ta in  elasm o- 
b ranch  f i s h  (R a iid ae ) . He a lso  c i t e s  the  b o rin g  o f prosobranch  egg 
capsu les (Sipho c u r tu s ) by N atica  sp . as re p o rte d  by Thorson (193$)- 
Since n e ith e r  o f these  egg cases showed any e f f e c t  when exposed to  
1 o r  2 p e r c e n t s o lu tio n s  o f  su lp h u ric  a c id , Jensen  concluded th a t  
th e  ho les p re s e n t were bored  by the a c t io n  o f  the  ra d u la  a lo n e .
Since th e n , J e n se n 's  views have re c e iv e d  f u r th e r  s u p p o rt.
G unter ( 1 9 # )  co n sid ers  th e  e f f ic ie n c y  o f the  ra d u la  ap p ara tu s  
s u f f i c i e n t  to  e f f e c t  b o r in g . T urner (1953) perform ed experim ents 
which showed th a t  P . d u p lic a tu s  can p e n e tra te  the  s h e l l  o f  a s o f t -  
s h e l l  clam, M. a re n a r ia , th a t  has been coated  w ith  p a r a f f in  o r  
P la s te r  o f P a r is  (h y d ra ted  calcium  s u lp h a te ) . S ince b o th  o f th ese
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su b stan ces  are  in s o lu b le  i n  d i lu te  a c id  and would n o t be ac ted  on by  
a  s p e c i f ic  calcium  s o f te n in g  enzyme, i t  appeared  th a t  m echan ical 
b o rin g  alone was re sp o n s ib le  i n  b o th  c a s e s .
C a rrik e r (1955) fu r th e r  d e sc r ib e s  th e  bo ring  p ro cess  by 
U. c in e re a  as m echanical ra sp in g  a l te r n a t in g  w ith  a  chem ical s o f te n ­
in g .  I n  h is  most r e c e n t  s tu d ie s  w ith  the  m u ric id  d r i l l s ,  U. c in e re a  
and E up leura  caudata  Say, C a rrik e r (1959) has shown th a t  d r i l l s  which 
had the  accesso ry  p ro b o sc is  removed by su rg e ry  could  no t bore th rough  
the  v a lv es  o f  sm all o y s te rs  u n t i l  such time as t h i s  g land  had re g e n e r­
a te d .  Experim ents in  w hich the  complete p ro b o sc is  was removed 
s im ila r ly  in d ic a te d  th a t  bo ring  could  no t be resumed u n t i l  th e  
p ro b o sc is  appara tu s had been  re g e n e ra te d .
This would appear to  e s ta b l i s h  t h a t  the accesso ry  p ro b o sc is  o f  
m u ric id  d r i l l s  p la y s  a r o le  i n  the b o rin g  p ro c e s s . A lthough t l i i s  has 
n o t been  shown fo r  the n a t ic id  "boring  g lan d ,"  i t s  h i s to lo g ic a l  
s im i la r i ty  would a t  l e a s t  su g g est a  l ik e  fu n c tio n . This problem  can­
n o t be s a t i s f a c t o r i l y  answered u n t i l  a  substance  re sp o n s ib le  fo r  
so fte n in g  th e  s h e l l  i s  i d e n t i f i e d  and i t s  a c t io n  dem onstrated .
F is h e r ie s  b io lo g is t s  have conducted a number o f  s tu d ie s  on the 
p re d a to r-p re y  re la t io n s h ip s  betw een the n a t ic id s  and v a rio u s  sp ec ie s  
o f  m o llu sk s . Along th e  Worth A t la n t ic  c o a s t , th e  th re e  sp ec ie s  o f 
P o lin ic e s  co n sid e red  h e re in  a re  k rr ' n to  be s e r io u s  p re d a to rs  o f  
commercial s h e l l f i s h  p o p u la tio n s , p a r t i c u l a r ly  o f  th e  s o f t - s h e l l  clam, 
M* a re n a r ia , and the  quahog, M. m src e n a ria . I t  i s  toward th i s  a sp e c t 
o f  t h e i r  b io lo g y  th a t  most o f  the  re s e a rc h  on n a t ic id s  has been 
d i r e c te d .
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Gould (1870) comments on th e  p re d a to ry  h a b its  o f New England 
n a t ic id s  in d ic a t in g  th a t  e a r ly  American c o n ch o lo g is ts  were aware 
th a t  th ese  gastropods fed  on pelecypod m o llu sk s .
R eports r e s u l t in g  from in v e s t ig a t io n s  o f  New England s h e l l - 
f i s h e r ie s  a t  the  tu r n  o f  th e  p re s e n t  c en tu ry  m ention L unatia  
(= P o l in ic e s ) as a p re d a to r  o f  clams and quahogs. In  Rhode I s la n d . 
Mead and Barnes (1903) showed from f i e l d  s tu d ie s  t h a t  a s in g le  
P o lin ic e s  could consume up to  8 clams i n  a  12-day  feed in g  ex p erim en t. 
B elding (1930) a lso  m entions P o l in ic es as a s e r io u s  p e s t  to  the  s o f t -  
s h e l l  clam f is h e r y  i n  M assach u se tts . Based on f i e l d  ex perim en ts, he 
e s tim ated  th a t  a 2 -in ch  P o lin ic e s  could  d e s tro y  26 clams p e r month 
a t  summer w a te r tem pera tu res .
In v e s t ig a t io n s  on P o lin ic e s  were i n i t i a t e d  a t  approx im ate ly  th e  
same tim e by b io lo g is t s  a t  th e  A t la n t ic  B io lo g ic a l S ta t io n ,
S t .  Andrews, New Brunswick. A lthough most o f  t h i s  work has n o t been  
p u b lish e d , i t  i s  a v a ila b le  on lo an  from th e  L ib ra r ia n  o f  the  A t la n t ic  
B io lo g ic a l S ta t io n .  M elv ille  (1930) re p o r te d  on some a sp ec ts  o f  the 
n a tu ra l  h is to r y  o f  P . heros in c lu d in g  o b se rv a tio n s  on boring  and 
feed in g , r a te  o f locom otion, and m ating .
The g e n e ra l d e c lin e  of commercial s h e l l f i s h  re so u rce s  over the  
l a s t  25 years  has d i r e c te d  a t t e n t io n  as to  what e x te n t  p re d a tio n  by 
d r i l l s  i s  in v o lv ed  i n  the  low ering  o f  s h e l l f i s h  y i e ld s . The two 
main q u e s tio n s  a r e : what p o r t io n  o f  n a tu r a l  m o r ta l i ty  r e s u l t s  from
p re d a tio n , and what e f f e c t  does p re d a tio n  have on the  su ccess  o f 
clam -farm ing o p e ra t io n s . ¥o rk  i n  t h i s  f i e l d  has been  conducted 
p r im a r i ly  w ith  the  aim o f  de term in in g : how d e s tru c t iv e  clam d r i l l s
a re , and i f  e f f e c t iv e  c o n tro l m easures can be developed .
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Canadian re se a rc h  i s  re p o r te d  by S tin so n  (19b6) , W heatley (19hl), 
Larocque (19l}8), Thurber (19l»9)j and G ig l io l i  (19it9, 1952).
In fo rm a tio n  i s  co n ta in ed  in  th e se  p ap ers  on p o p u la tio n  d e n s i ty , 
m ating h a b i t s ,  egg c o l l a r  (= nidus o f  some a u th o rs )  p ro d u c tio n , and 
th e  r e s u l t s  o f  in te n s iv e  ex p erim en ta l s tu d ie s  on th e  c o n tro l  o f  egg 
c o l la r s  and a d u lts  f o r  b o th  P . heros and P . t r i s e r i a t a .
S im ila r  re s e a rc h  has been  c a r r ie d  ou t on P. d u p lic a tu s  i n  th e  New 
England a r e a .  T urner, A yers, and W heeler (19 i$ ) co n sid e r t h a t  clam 
d r i l l s  may o f te n  be re sp o n s ib le  fo r  d e s tr u c t io n  o f  sm all clams to  such 
an e x te n t  t h a t  s u c c e ss fu l s e t s  may be wiped o u t i n  th e  ensu ing  summer 
and so go u n n o tic e d . Experim ents b y  Turner (19li9) in d ic a te d  th a t  clam 
d r i l l s  were re s p o n s ib le  f o r  n e a r ly  3 1 .7  p e r  c e n t o f  th e  clam m o r ta l i ty  
i n  p la n te d  b ed s. Sawyer (1950) c a r r ie d  o u t la b o ra to ry  feed in g  s tu d ie s  
w ith  F . d u p lic a tu s  a t  summer (21° C .) and f a l l  (10° C.) w a te r tem pera­
tu re s  . He concluded t h a t  feed ing  was c o r re la te d  w ith  tem pera tu re  because 
feed ing  r a t e s  were h ig h e s t  du ring  th e  summer m onths. T urner (1951) 
co n sidered  th e  secondary  food supp ly  o f  sm all non-com m ercial peleeypod 
sp e c ie s  a v a ila b le  to  P. d u p lic a tu s  p o p u la tio n s . He concluded t h a t  sm all 
d r i l l s ,  12 mm. o p e rc u la r  le n g th  o r  le s s  (F igure  1 ) ,  could e x i s t  on th e  
sm all p re y  sp ec ie s  i n  a re as  b a r re n  o f  la r g e r  commercial m o llu sk s . W hile 
su rv iv in g  a t  n ea r s ta r v a t io n  le v e l s ,  th e se  d r i l l s  eo'uld be im m ediately  
d e s t r u c t iv e  to  any p la n tin g s  o f  seed  c lam s.
Chin (1952) s tu d ie d  th e  method o f  p re y  s e le c te d  by P . h e ro s . His 
experim ents in d ic a te d  t h a t  fo u r f a c to r s  were in t e r r e l a t e d  i n  s e le c t in g  
p re y . These w ere: s h e l l  th ic k n e s s , s iz e  p re fe re n c e  an d /o r l im i t a t i o n ,  
sp e c ie s  p re fe re n c e , and a c c e s s ib i l i t y .  He d id  n o t co n sid e r h is  e x p e r i­
m ents co n c lu siv e  as to  how th e  d r i l l s  lo c a te d  t h e i r  p re y . He d id ,
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hOV7©V5jT y show t h a t  d r i l l s  would u s u a l ly  choose "stream -p a th s"  which 
co n ta in ed  l iv in g  pelecypods a t  th e  source  i n  p re fe re n ce  to  s im ila r  
"s tream -p a th s"  w ith o u t p rey  sp ec ie s  p re s e n t .
Hanks (1952, 1953), working w ith  P . d u p lic a tu s  and P . h e ro s , 
extended th e  la b o ra to ry  s tu d ie s  o f  feed in g  r a te s  through a  range o f  
w a te r tem pera tu re  from 2° C. to  21° C. and a range o f  s a l i n i t y  from 
6 o/oo to  32 o /o o . T his re se a rc h  e s ta b lis h e d  feed in g  r a te s  f o r  bo th  
sp ec ie s  over most o f  th e  annual tem perature  cy c le  and fo r  upper 
e s tu a r in e  to  open ocean ic  c o n d itio n s .
R esearch on the b io lo g y  o f  th o se  n a t ic id  sp ec ie s  which in h a b it  
th e  c o n tin e n ta l  s h e l f  has been c a r r ie d  ou t p r im a r i ly  by D anish 
b io lo g is t s  w ith in  th e  scope o f  t h e i r  l e v e l  sea-bo ttom  s tu d ie s .
Thorson has re p o rte d  on many b io lo g ic a l  a sp ec ts  o f  th e  n a t ic id  
gastropods recovered  from a number o f  a re a s , i n  p a r t i c u la r  Denmark, 
G reenland, and th e  G u lf o f  I r a n .  His papers in c lu d e  in fo rm a tio n  on 
re p ro d u c tio n  and l a r v a l  development ( I 9 I46) ,  com parative s h e l l  
morphology su p p o rtin g  the "Apex Theory" (1950), and n o rth -so u th  
d i s t r ib u t io n  o f  n a t ic id s  as in flu en c ed  by  w a te r tem pera tu re  (1958) .
Thorson co n sid e rs  th a t  th e  p resence  o f  th e se  m acro -p redato rs  
c o n s t i tu te s  a good in d ic a t io n  o f  the  u n ifo rm ity  o f  e c o lo g ic a l  con­
d i t io n s  over la rg e  a re a s  o f  le v e l  sea -b o tto m . He c i te s  as evidence 
th e  occurrence o f  a s in g le  sp ec ies  (N a tica  g ro en lan d ica  (M oller) as 
a  dom inant organism  along w ith  two pelecypod m ollusks (Area g la c i a l i s  
Gray and P ec ten  g roen land icus G. B. Sowerby) a t  dep ths o f  1000 to  
2000 m eters from th e  a r c t i c  through warm tem perate  and even to  su b ­
t r o p i c a l  a re a s  (1936). He contends th a t  w ith  s u f f i c i e n t  knowledge o f  
th e  b io lo g y  o f  n a t ic id s ,  th e se  anim als w i l l  be  ex trem ely  u s e f u l  i n
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i n te r p r e t in g  bottom  community ecology fo r  th e  deep ocean a re a s  where 
q u a n t i ta t iv e  sam pling i s ,  as y e t ,  n o t p o s s ib le  ( 1958) .
G i g l i o l i ’ s paper (1955) on the  egg m asses o f  a  number o f  
A tla n t ic  sp ec ie s  o f  n a t ic id s  c o n tr ib u te s  s ig n i f i c a n t ly  to  our 
e c o lo g ic a l knowledge. He has d ev ised  a key fo r  id e n t i fy in g  egg 
c o l la r s  w ith  the sp e c ie s  t h a t  produced them. This shou ld  have wide 
a p p l ic a t io n  i n  bottom  stu d y  work, s in ce  d r i l l s  are  f r e q u e n tly  no t 
recovered  from the a reas  where t h e i r  egg c o l la r s  a re  d redged .
Clarke (1956) observed fe e d in g  on eggs o f  P . heros by  a common 
i n t e r t i d a l  s n a i l ,  N assarius  t r i v i t t a t u s  (S ay ). This i s  o f  c o n s id e r­
ab le  i n t e r e s t ,  s ince  few enemies o f a d u lt  d r i l l s  are  known. V arious 
sea  b ird s  and bo ttom -feed ing  f i s h  a re  th e  m ost n o ta b le , and they  do 
n o t appear to  account f o r  any s ig n i f i c a n t  amount o f  p re d a tio n  on d r i l l s .
Although d r i l l s  u s u a l ly  a t ta c k  t h e i r  pelecypod p rey  by b o rin g  a 
ho le  through th e  s h e l l  p r io r  to  fe e d in g , Turner (1955) has observed 
in s ta n c e s  o f  s u c c e ss fu l p re d a tio n  on the  ra z o r  clam, E n sis  d ire c tu s  
Conrad, by  p . d u p lic a tu s  w ith o u t b o r in g . Where observed , i t  appeared 
th a t  a slim e envelope, s e c re te d  around the  clam by the  d r i l l ,  a c ted  in  
some way to  a n e s th e tiz e  the  clam . I n  t h i s  manner th e  d r i l l  could feed  
by in s e r t in g  i t s  p ro b o sc is  between th e  v a lv es  o f the  clam .
Turner (1958) a lso  r e p o r ts  the  e f f e c t  o f  n u t r i t io n  on th e  c o lo r  
o f  th e  c a l lu s  p o r t io n  o f  th e  s h e l l  o f P . d u p l ic a tu s . His experim ents 
dem onstrate  th a t  w e ll fe d  d r i l l s  have a p e a rly -w h ite  c a l lu s  w hile  
s ta rv e d  d r i l l s  have a  dark brown c a l l u s .  This i s  s ig n i f i c a n t  to  the 
e c o lo g is t ,  i n  t h a t  i t  p ro v id es  a means o f a s se ss in g  th e  food a v a ila b le  
to  any s p e c i f ic  p o p u la tio n  o f  P . d u p l ic a tu s .
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A lthough the re a r in g  o f  la rv a e  o f  m arine in v e r te b r a te s  i s  by  no 
means a new endeavor, most in v e s t ig a to r s  have used la rv a e  c o l le c te d  
from th e  p lan k to n  a t  v a rio u s  s ta g e s  o f  developm ent. T his method was 
used s u c c e s s fu lly  by Thorson (191(6), b u t he had the advantage o f a 
team o f  w o rk e rs .
O ther in v e s t ig a to r s  have used  a r t i f i c i a l l y  f e r t i l i z e d  ova to  
s tu d y  the cleavage s ta g e s  and l a r v a l  developm ent. Such "fin g e r-b o w l"  
techn iques appear s a t i s f a c to r y  fo r  s t r i c t  em bryo log ica l and morpho­
lo g ic a l  s tu d ie s  as evidenced by C o s te l lo 's  re c e n t  handbook (1957)*
They w i l l  n o t, however, se rv e  to  answer q u e s tio n s  concern ing  the 
ecology o f  in v e r te b ra te  l a r v a e .
In  re c e n t  y e a rs , i t  has been found e s s e n t i a l  to  r e a r  in v e r te b ra te  
la rv a e  under c u ltu re  co n d itio n s  i n  o rd er to  determ ine the e f f e c t s  o f 
such env ironm ental f a c to r s  as tem p era tu re , s a l i n i t y ,  and fo o d . The 
developm ent o f  c u ltu re  methods fo r  the  la rv a e  o f  pelecypod m ollusks 
has re c e iv e d  a t te n t io n  la r g e ly  because o f  th e i r  commercial a s p e c t .
Such methods have been review ed by K orringa (1952) and L oosanoff (1951)) • 
Much le s s  a t t e n t io n  has been g iven  to  methods fo r  re a r in g  o th e r  sp e c ie s  
o f  in v e r te b r a te s .  S tu d ie s  such as those  o f Lebour (1937, 191)1)) on 
B r i t i s h  prosobranch gastropods and decapod c ru s tacean s  and o f M ortensen 
(1938) on echinoderms are  n o tab le  e x c e p tio n s .
The s ig n if ic a n c e  o f  c u ltu re  methods i s  w e ll shown by the  e x p e r i­
ments o f  Day and W ilson (1931)) and W ilson (1932, 1937). This work 
in d ic a te d  th e  im portance o f a s u i ta b le  substra tum  as an inducem ent to  
metamorphosis o f  la rv a e  o f  a  number o f  in v e r te b ra te  an im als .
C onclusive r e s u l t s  such as  th e se  can be o b ta in ed  only  when p o p u la tio n s
o f  la rv a e  o f  known age a re  re a re d  under c o n tro lle d  env ironm enta l 
c o n d it io n s .
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SECTION I I I .
GENERAL METHODS AND MATERIALS
A. C oU .ection o f  Animals and Egg C o lla rs .
1 . P o lin ic e s  d u p lic a tu s
1/
A ll specimens o f P . d u p lic a tu s -  were o b ta in ed  from the t i d a l  f l a t s  
a t  B arn stab le  h a rb o r, M assach u se tts . I n i t i a l  c o l le c t io n s  o f ap p ro x i­
m ate ly  100 a d u lt  d ril3 .s  (25 mm. o p e rc u la r  le n g th  or l a r g e r ) ,  were made 
in  the  summer and e a r ly  f a l l  o f  1957- These anim als were k e p t i n  th e  
la b o ra to ry  tanks as a  spawning s to c k . S e v e ra l c o lle c t io n s  o f  ju v e n ile  
P . d u p lic a tu s  (lj to  10 mm. o p e rc u la r  le n g th )  were a lso  made i n  t h i s  
same a re a  fo r  use i n  growth r a t e  and sex u a l m a tu r ity  s tu d ie s .
Most o f the  s tu d ie s  o f  th e  development o f eggs and la rv a e  w ith in  
the  egg c o l la r s  were conducted w ith  c o l la r s  produced by d r i l l s  m ain ta in ed  
i n  the  la b o ra to ry . However, some o f  th e  s tu d ie s  were conducted w ith  
c o l la r s  o f P . d u p lic a tu s  o b ta in ed  from th e  t i d a l  f l a t s  a t  Q u is se tt  
H arbor, M assach u se tts . A lthough P . d u p lic a tu s  was the  o n ly  sp ec ie s  o f  
d r i l l  observed  a t  t h i s  s t a t io n ,  only  th o se  c o l la r s  w ith  th e  s c a llo p e d -  
shaped low er edge (F igure  2 ) ,  c le a r ly  id e n t i fy in g  them w ith  P . d u p l ic a tu s , 
were c o l le c te d  fo r s tu d y .
2 . P o lin ic e s  t r i s e r i a t a
Through the  c o u rte sy  o f  D r. W illiam  Burbank (Department o f  Zoology, 
Emery U n iv e rs ity , G eorg ia) 3 a d u lt  P . t r i s e r i a t a  were reco v ered  from a
dredge h au l i n  30 f e e t  o f  w ater o u ts id e  Kenemsha H arbor, M assa c h u se tts .
1 / The taxonomy of th e  genus P o lin ic e s  has n o t been  ad eq u a te ly  s tu d ie d  
to  d a te .  I t  should  th e re fo re  be no ted  th a t  v a r io u s  synonyms fo r  th e  
th re e  sp e c ie s  s tu d ie d  h e re in  e x i s t .  These a r e :  L u n a tia , N a tica , 
N e v e rita , A m pullaria  and E u s p ira .
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These anim als were k ep t i n  tan k s  w ith  running  sea  w ater where th ey  
produced s e v e ra l  egg c o l la r s  during  th e  summer m onths.
Three c o l le c t io n s  o f P . t r i s e r i a t a  egg c o l la r s  were made. One 
c o l le c t io n  was from S ta rb o a rd  I s la n d , Maine. A lthough the c o l la r s  
were packed in  damp seaweed f o r  t r a n s p o r t  to  the r e c i r c u la t in g  sea  
w a ter system  a t  th e  U n iv e rs ity  o f  New Hampshire, the  eggs and la rv a e  
d id  no t su rv iv e , perhaps because o f  e x ce ss iv e ly  warm a i r  tem peratu res  
d u ring  th e  p e r io d  o f  t r a n s p o r t .  These c o l la r s  were p rese rv ed  fo r  
ex am ination .
Two subsequent c o lle c t io n s  o f  c o l la r s  were made by  D r. George M. 
Moore (U n iv e rs ity  o f  New Hampshire) i n  the v i c in i t y  o f  S t .  Andrews,
New Brunswick. Again, one c o l le c t io n  d id  no t su rv iv e  tra n s p o r tin g  and 
th e  c o l la r s  were examined and d isc a rd e d . The o th e r  c o l le c t io n ,  which 
was k ep t i n  an ic e -c o o le d  p l a s t i c  c o n ta in e r , su rv ived  th e  t r i p  to  the 
la b o ra to ry  a t  W .H.O.I. These c o l la r s  were k ep t i n  runn ing  sea  w ater 
where th e  eggs developed to  metamorphosed d r i l l s .
E x tensive  dredging  and bottom sam pling was undertairen i n  Vineyard 
Sound, M assachusetts in  the  summer o f  1958 by b io lo g is ts  o f th e  U. S . 
Bureau o f Commercial f i s h e r ie s  (anonymous 1958). The au th o r had the 
o p p o rtu n ity  o f going on two o f  th ese  c ru is e s  and o f  examining the 
dredged m a te r ia l  as i t  was unloaded on deck. However, no re c o v e rie s  
were made o f  a d u lt  P . t r i s e r i a t a  o r th e i r  egg c o l la r s  .
3 .  P o lin ic e s  heros
About 100 a d u l t  P . heros (35 mm. o p e rc u la r  len g th  o r la rg e r )  were 
c o lle c te d  th rough  th e  dredging  o p e ra tio n s  i n  Vineyard Sound. These 
anim als were tak en  from 30 to  IjO f e e t  o f w a ter in  v a rio u s  a reas  o f  the 
Sound where quahog, M. m ercenaria , p o p u la tio n s  were p re s e n t .  This group
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o f  d r i l l s  was k e p t i n  la b o ra to ry  tan k s  and c o n s t i tu te d  th e  spawning 
s to ck  fo r t h i s  s p e c ie s .
Two c o l le c t io n s  o f  ju v e n ile  P . heros (5 to  8 mm. o p e rc u la r  le n g th ) 
were made a t  York Beach, M aine. These were k e p t i n  running sea  w ater 
in  th e  la b o ra to ry  fo r  growth r a te  s t u d i e s .
A ll c o l la r s  o f  t h i s  sp ec ie s  used f o r  o b se rv a tio n  o f developm ent o f 
eggs and la rv a e  were produced by  th e  la b o ra to ry  p o p u la tio n . C o lla rs  of 
P . heros were c o lle c te d  from th e  t i d a l  f l a t s  a t  S t .  Andrews, and a lso  
from th e  dredging in  V ineyard Sound. However, none of th ese  c o l la r s  
su rv ived  t r a n s p o r t in g  to  the la b o ra to ry  and were d isca rd ed  a f t e r  exami­
n a tio n  fo r  s tag e s  i n  l a r v a l  developm ent.
B. Methods f o r  M ain tain ing  D r i l l  P o p u la tio n s  i n  the  L ab o ra to ry .
In v e s t ig a to r s  working w ith  eggs and la rv a e  of m arine in v e r te b ra te s  
have u s u a lly  depended on two methods i n  o rd e r to  o b ta in  m a te r ia l .  One 
i s  by c o lle c t in g  th ese  s tag es  from the p la n k to n . The o th e r  method i s  
by  re a r in g  eggs and la rv a e  in  th e  la b o ra to ry , s t a r t i n g  w ith  a r t i f i c i a l l y  
o r n a tu ra l ly  spawned gametes produced during  the n a tu ra l  rep ro d u c tiv e  
p e rio d  o f  the anim al concerned. Both methods have d i s t i n c t  d is a d ­
v an tag es . Among those fo r  p lank ton  c o lle c t io n s  a re :  the d i f f i c u l t y  o f
c o r re c t  id e n t i f i c a t io n ,  the  need to  i s o la te  s u f f ic ie n t  numbers o f  
in d iv id u a ls ,  and the  problem o f re c o n s tru c tin g  l a r v a l  developm ent by 
tr a c in g  s ta g e s  th rough  a s e r ie s  o f  p lan k to n  sam ples. For th e  re a red  
m a te r ia l  th e  d isadvan tages in c lu d e : p o p u la tio n  f lu c tu a t io n s  from y ea r 
to  y ear which may c u r t a i l  re s e a rc h  programs because o f in s u f f i c i e n t  
spawning s to c k , and, f re q u e n tly , th e  im p o s s ib i l i ty  o f  o b ta in in g  " r ip e "  
anim als a t  the  tim e needed, s in ce  the  m a tu ra tio n  p e rio d  f o r  th e  gametes 
i s  dependent on a number o f  e c o lo g ic a l f a c t o r s .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
- 17-
I n  an e f f o r t  to  overcome th ese  d i f f i c u l t i e s  i n  c a r ry in g  o u t l a r v a l  
s tu d ie s  th roughou t th e  year., tem p era tu re  c o n d itio n in g  methods were 
developed f o r  some sp e c ie s  o f  pelecypods (L oosanoff 19li5; Loosanoff and 
Davis 1950) th a t  w i l l  induce "o u t-o f-se a so n "  gam etogenesis and spaw ning. 
In  t h i s  way, eggs and la rv a e  can he made a v a i la b le  a t  any seaso n  o f  the  
y e a r .
Such methods have no t been  extended to  o th e r  i n v e r t e b r a te s . Thus 
the i n i t i a l  phase o f  re s e a rc h  w ith  P o lin ic e s  was th e  developm ent o f a 
method which would induce th e se  gastropods to  produce egg c o l la r s  a t  a l l  
seasons o f  the  y e a r .
This was accom plished by  keep ing  p o p u la tio n s  o f  d r i l l s  a t  summer 
w ater tem pera tu res th roughou t th e  y ear and p ro v id in g  them w ith  an 
adequate food su p p ly . Ib r  th i s  pu rpose , d r i l l s  were k ep t i n  a wooden 
tank  (36" x 18" x 8") w ith  1} in ch es  o f s i f t e d  beach sand covering  the  
bo ttom . A sea  w ater h e a tin g  u n i t  (L oosanoff 19U9; Hanks 1953) was con­
nected  to  th e  la b o ra to ry  sea  w ater system . This u n i t  p ro v id ed  a flow  o f  
warmed w ater a t  an approxim ate r a t e  o f 1 to  2 l i t e r s  p e r m in u te . An 
immersion th e rm o sta t (Appendix I I )  lo c a te d  i n  the  h e a tin g  u n i t  was used 
to  a d ju s t  th e  w a te r tem pera tu re  to  betw een 18° and 20° C. I n  t h i s  
manner, a r e l a t i v e ly  c o n s ta n t summer tem pera tu re  was m ain ta in ed  w ith o u t 
d i f f i c u l t y  even when th e  normal w in te r  w a te r tem pera tu re  was as low as 
2° C.
Under th e se  c o n d itio n s  a  group o f 25 to  30 d r i l l s  was m ain ta in ed  
w ith  l i t t l e  e f f o r t .  V arious sp e c ie s  o f pelecypods were used  as a  food 
source depending on a v a i l a b i l i t y .  The e d ib le  m u sse l, M ytilus e d u l is  
L inne, c o n s t i tu te d  the  bulk  o f  th e  food . These m ussels were o b ta in ed  
from th e  dock p i l in g s  a t  W .H .O .I. and were r e a d i ly  consumed by a l l  th re e
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sp e c ie s  of d r i l l s .  Under such c o n d itio n s , p o p u la tio n s  o f  P . d u p lic a tu s  
and P . heros fed  a c t iv e ly ,  m ated, and produced egg c o l la r s  th roughou t 
th e  y e a r .
C. R earing  Techniques f o r  D eveloping Eggs and L arvae .
The g e n e ra l p rocedure  fo r  c u ltu r in g  th e  l a r v a l  s tag e s  was as 
fo llo w s : Egg c o l la r s  were c o l le c te d  from th e  spawning tank  as soon as
th e y  were observed on th e  su rfa c e  o f  the sand . The d a te  and tim e o f 
c o l le c t io n  was reco rded  and d e s ig n a te d  as th e  ’’tim e produced” by a 
fe m a le . These c o l la r s  were th e n  in d iv id u a l ly  i s o la te d  in  1 -g a llo n  
p o ly e th y len e  c o n ta in e r s .
I n  th e  summer months, when the la b o ra to ry  sea  w a te r tem pera tu re  was 
betw een 18° and 23° C. th e  c o n ta in e rs  were k e p t on a wooden rack  and 
su p p lie d  w ith  a c o n s ta n t flow o f  sea  w ater du ring  th e  f i r s t  week o r so 
o f  egg and la r v a l  developm ent. The flow  o f  sea  w ater was th e n  tu rn ed  o f f  
and th e  sea  w ater in  th e  c o n ta in e r  was changed d a i ly .  S tand ing  w ater was 
n ecessa ry  to  p rev en t th e  escape o f  la rv a e  when th e y  were re le a s e d  from the 
c o l l a r .  D uring the  rem ainder o f  the y ea r , when la b o ra to ry  sea  w a ter 
tem p era tu res  were low er th an  18° C ., th e  c o n ta in e rs  were p la ce d  in  a 
h ea ted  f r e s h  w ater b a th  m ain ta ined  a t  a tem pera tu re  s u i ta b le  f o r  the 
developm ent o f  eggs and l a r v a e . Again, sea  w ater i n  the  c o n ta in e rs  was 
changed each day.
The w ater b a th  c o n s is te d  o f  a wooden tarik (5V1 x 28” x 10” ) .  A 
number o f  §■” x l |- ” wooden s l a t s  were a tta c h e d  to  th e  bottom  o f the  tank  
to  allow  c i r c u la t io n  under th e  co n ta in e rs  when th e y  were s i t t i n g  i n  the  
b a th .  A 5 0 -fo o t f le x ib le  le a d  h e a tin g  cab le  (Appendix I I )  was wound 
betw een th e  s l a t s .  The tan k  was f i l l e d  w ith  fre sh  w a te r to  m inim ize 
c o rro s io n  o f th e  c a b le . By p la c in g  a th e rm o sta t i n  th e  b a th ,  i t  was
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p o s s ib le  to  m a in ta in  a d e s ire d  w a ter tem peratu re  up to  25° C. w ith in  
t  1° C. In  t h i s  manner, eggs and la rv a e  could be k e p t a t  s u i ta b le  
tem p era tu res  f o r  developm ent re g a rd le s s  o f  sea so n a l tem peratu re  changes.
A fte r  re le a s e  from th e  c o l l a r ,  the  swimming la rv a e  were k e p t in  
sea  w ater in  p o ly e th y len e  c o n ta in e rs  o r g la s s  j a r s  o f  approx im ate ly  10 - 
l i t e r  c a p a c ity . Under th e se  c o n d itio n s , the  se a  w a ter had to  be changed 
every  2ii h o u rs . This minimized the  in c re a se  o f  com petitive  organism s 
such as p ro to zo an  c i l i a t e s . I t  a lso  p rev en ted  any excess accum ulation  
o f  m e ta b o li te s ,  e i th e r  from the  la rv a e  o r from the phytoplarik ton  added 
as food, which m ight be to x ic  to  the la rv a e .  A few c u l tu re s ,  i n  which 
the sea  w a te r was changed every I48 h o u rs , had ex cessive  l a r v a l  m o r ta l i ty .  
Such c u ltu re s  su rv iv ed  o n ly  a few d a y s .
In  o rd e r to  change th e  sea  w a te r , i t  was necessa ry  to  c a r e fu l ly  
remove the la rv a e  from th e  c u l tu r e . The s h e l l s  o f  th e  la rv a e  are  
ex trem ely  th in ,  and i f  damaged the  la rv a e  do no t s u rv iv e . Screens o f 
number 7 o r 8 b o lt in g  s i l k ,  such as th a t  used  fo r  p lan k to n  n e ts ,  were 
co n stru c te d  f o r  removing the la rv a e .  However, th ey  clogged q u ic k ly  and 
were d i f f i c u l t  to  c le a n . Wire sc reen s  o f  s ta in le s s  s t e e l  were found to  
work b e s t  (see  Appendix I I  fo r s iz e s  and dim ensions o f  sc reen s  u s e fu l in  
l a r v a l  c u ltu re  w ork ). Screens o f  o th e r  m eta ls  and a llo y s  should  no t be 
used s in ce  they  re le a s e  io n s  th a t  a re  g e n e ra lly  to x ic  to  in v e r te b ra te  
eggs and la rv a e .  A number 100 sc ree n  was adequate to  r e t a in  the  la rv a e  
o f  P o lin ic e s  w hile  most u n d esirab le  m a te r ia l ,  such as clumps o f  dead 
a lg a l  c e l l s ,  was p assed  th ro u g h . To avoid in ju r y  to  the la rv a e , th e  sea  
w a te r was siphoned to  th e  sc ree n  through ru b b er tu b in g . Larvae c o lle c te d  
on the  sc ree n  were th en  washed in to  a  fingerbow l using  a p l a s t i c  wash- 
b o t t l e . They su rv iv ed  such co n d itio n s  d u rin g  the  s h o r t  tim e n ecessa ry
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
- 20-
fo r  c lean in g  the  c o n ta in e rs  and r e f i l l i n g  them w ith  f i l t e r e d  sea  w a te r .
A sample of la rv a e  fo r  o b se rv a tio n  was u s u a l ly  tak en  a t  each change o f 
w a te r .
Once la rv a e  a re  r e le a s e d  from the  c o l l a r ,  th ey  must be fed  some 
phy top lank ton  organ ism s. S ince th e  c u ltu re s  were changed d a i ly ,  a 
q u a n tity  o f a lg a l  food was added a t  each change. I n  o rd e r to  add an 
approxim ately  eq u a l amount o f  t h i s  a lg a l  food a t  each fe e d in g , c e l l  
counts o f  the  a lg a l  c u ltu re s  were made r o u t in e ly .  Throughout most o f 
the  s tu d y , t h i s  was done using  a s tan d a rd  g la ss  hemocytometer c e l l .
Such counts were made to determ ine th e  number o f c e l l s  p e r  m i l l i l i t e r  
o f  a lg a l  c u l tu r e .  From th i s  i t  was p o s s ib le  to  c a lc u la te  the  volume 
needed to  p rov ide  the  d e s ire d  c e l l  count in  th e  l a r v a l  c u l tu r e .  Algae 
were u s u a lly  added to  prov ide a c e l l  count o f  200 , 000/m l. i n  th e  la r v a l  
c u ltu re  a lthough  o th e r  co n cen tra tio n s  were used a t  tim es . When th e  
a lg a l  c u ltu re s  approached maximum c e l l  d e n s ity , the  amount added each 
day fo r  food was i n  the  range o f  50 to  100 m l.
I t  was s a t i s f a c to r y  to  add phy top lank ton  food i n  th i s  manner when 
working X\rith a s in g le  food s p e c ie s . However, because o f  d if f e re n c e s  in  
th e  s is e  o f  d i f f e r e n t  sp ec ie s  o f a lg a e , i t  was no t s a t i s f a c to r y  when 
u sin g  two o r more sp ec ie s  o f  a lgae  in  com parative feed in g  s tu d i e s . '
Equal numbers o f  c e l l s  do not n e c e s s a r i ly  g ive e q u iv a len t amounts o f  
food . Thus the  equal c e l l  volume method o f Davis and C -u illa rd  (1958) was 
used in  such s tu d ie s  as i t  g ives a more a cc u ra te  b a s is  o f  com parison.
This in v o lv es  c e n tr ifu g in g  a 10 m l. sample o f  a lg a l  c u ltu re  i n  a Hopkins 
tube and m easuring the viet-packed c e l l  volume. By doing th i s  fo r  each 
sp ec ie s  o f  a lg a  used , th e  volume o f  a lg a l  c u ltu re  needed to  p ro v id e  an 
e q u iv a le n t q u a n t i ty  o f packed c e l l s  p e r  m i l l i l i t e r  o f  l a r v a l  c u ltu re  can
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th e n  be c a lc u la te d  (see  Appendix I  fo r  a d is c u s s io n  o f  a lg a l  c u ltu re  
m ethods) .
As m entioned above, the sea  w a ter was changed d a i ly  du rin g  the  
c o ld e r  months when l a r v a l  c o n ta in e rs  were k ep t in  the  h ea ted  w ater b a th . 
This b a th  was m ain ta ined  a t  a tem peratu re  o f  about 23° C. I n  o rd er th a t  
no therm al shock would occur to  the  la rv a e  when the c u l tu re s  were
changed, i t  was n ecessa ry  to  have a la rg e  volume of warmed, f i l t e r e d  s e a
w ater a v a ila b le  each  day . This was su p p lie d  by a  h ea tin g  u n i t  o f  s im i la r  
d esig n  b u t o f  l a r g e r  s iz e  th a n  the  u n i t  d e sc rib e d  fo r  th e  spawning ta n k . 
This u n i t  c o n s is te d  o f a  5 0 -g a llo n  drum w ith  a  75-fo o t s e c t io n  o f  -i- in ch  
le a d  p ipe c o ile d  in to  i t .  Jbur h ea tin g  rods (Appendix I I ) ,  each r a te d  a t  
1000 w a tts ,  were used  to  warm the f r e s h  w ater th a t  surrounded the c o i l .  
The w ater tem peratu re  was c o n tro lle d  by a th e rm o sta t which could be 
a d ju s te d  to  p rov ide  a flow  o f sea  w ater h ea ted  a t  a d e s ire d  tem peratu re
w ith in  -  1° C. By f i l l i n g  a  2 0 -g a llo n  p o ly e th y len e  c o n ta in e r  each
morning w ith  sea  w a ter a t  25° C ., f i l t e r e d  through c o tto n  and g la ss  wool, 
a supp ly  o f  warm sea  w a ter was m ain ta ined  f o r  changing c u l tu r e s .
A number o f o th e r  s p e c ia l  te c h n iq u e s  were u sed  d u r in g  v a r io u s  
p o r t io n s  o f  th e  s tu d y .  These a re  in c lu d e d  i n  th e  s e c t io n s  t h a t  fo llo w  
where th e y  a re  p e r t i n e n t  to  th e  r e s u l t s .




A • R eproduction
As i s  c h a r a c te r i s t i c  o f  m ost m arine prosobranch  g a s tro p o d s , 
members o f  th e  genus P o lin ic e s  a re  d io e ce o u s . The sex  o f m ature 
d r i l l s  can be d is tin g u is h e d  by v is u a l  exam ination  o f  the  e x te rn a l  
g e n i t a l i a .  A dult males have a  p en is  lo c a te d  on the r i g h t  s id e  o f  
th e  body p o s te r io r  to  th e  r i g h t  te n ta c le  and j u s t  d o rs a l  to  the s e p a ­
r a t i o n  o f  the  v i s c e r a l  mass and the  fo o t .  The pen is o f  P . d u p lic a tu s  
i s  m odera te ly  la rg e  in  p ro p o r tio n  to  th e  s iz e  o f  the  an im al, averag ing  
i n  le n g th  about o n e -fo u rth  o f the s h e l l  h e ig h t (Table 1 ) .  A s im ila r  
s iz e  r a t i o  i s  d esc rib ed  by W heatley (19ii7) fo r  a d u lt male P . heros 
and P . t r i s e r i a t a .  In  a l l  th re e  sp ec ie s  the  p en is  i s  d o rs o -v e n tra l ly  
f la t t e n e d  i n  c ro ss  s e c t io n  and curves somewhat to  the  r i g h t ,  th e  t i p  
be ing  d ire c te d  away from th e  body. When the fo o t o f  a male d r i l l  i s  
norm ally  ex tended  as i t  craw ls about, the  p en is  r e s ts  w ith in  the  m antle 
c a v ity  and i s  no t v is ib le  . I f  the  operculum i s  grasped f irm ly  w ith  
fo rcep s  b e fo re  th e  body i s  r e t r a c te d ,  th e  body can be w ithdrawn from 
th e  s h e l l  f a r  enough to  observe the  p en is  -without in ju r y  to  the  an im al.
Table 1 . P . d u p l ic a tu s : Penis Length and S h e ll
H eight o f Ten A dult Males
S h e l l  H eight P en is Length S h e ll  H eight Penis Length 
mm. mm. mm. mm.
Ijli 10 26 6
37 9 23 5
3b 8 21 5
32 8 19 U
29 7 17 Li
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A dult fem ale d r i l l s  b e a r  the  v ag in a l opening a t  the  term inus o f  a 
sm all p a p i l l a  lo c a te d  on the  r i g h t  s id e  i n  a s im i la r  p o s i t io n  as the 
p en is  o f  the  m ale. However, th e  pqpaLla i s  n o t as r e a d i ly  observed  as 
i s  the  p e n is .  Because o f  t h i s ,  d e te rm in a tio n  o f  th e  sex  o f m ature 
specimens o f  a l l  th re e  sp ec ie s  o f  d r i l l  s tu d ie d  was accom plished by  
co n s id e rin g  th e  absence o f a p e n is  as evidence o f  fem aleness.
When th e  s h e l l  i s  removed from a P . d u p lic a tu s , exposing the 
v i s c e r a l  mass, the  gonad i s  e a s i ly  lo c a te d  i n  m ature specim ens. From 
June to  Septem ber, th e  normal rep ro d u c tiv e  seaso n , th e  co lo r o f  the  
gonad i s  u s u a lly  d i s t i n c t iv e ly  d i f f e r e n t  in  male and female d r i l l s .
The c o lo r  i s  c h a r a c t e r i s t i c a l l y  cream to  yellow  i n  fem ales and c h e s tn u t-  
brown in  m a le s . However, some v a r ia t io n  i n  th e  c o lo r  o f  the gonads has 
been observed making th i s  c h a r a c te r i s t i c  o f d o u b tfu l v a l id i ty  fo r  
de term in ing  the  sex o f  in d iv id u a l an im als . As the  gonads co n ta in  
m ature gametes during  th i s  p e r io d , i t  i s  p re fe ra b le  to make a smear 
p re p a ra t io n  o f th e  gonad t i s s u e . This can be done by  making a sm all 
in c is io n  i n  th e  gonad and removing some o f th e  t i s s u e  w ith  a p i p e t t e . 
Exam ination o f  t h i s  t i s s u e  w ith  a compound m icroscope w i l l  show e i th e r  
ova o r  sperm atozoa. Ova o b ta in ed  i n  t h i s  manner appear to  be  i n  
d i f f e r e n t  s tag e s  o f  m a tu ra tio n  s in ce  th ey  a re  p re s e n t i n  v a rio u s  s iz e s .  
The l a r g e s t  ova measure about 100 m ic ra . These have a  d i s t i n c t  
germ inal v e s ic le  and are  ap p a ren tly  read y  f o r  f e r t i l i z a t i o n .  They a re , 
however, somewhat o v a l i n  shape compared w ith  the s p h e r ic a l  shape o f 
f e r t i l i z e d  eggs observed  in  r e c e n t ly  produced egg c o l l a r s .  Ova removed 
from th e  ovary i n  t h i s  manner a re  ex trem ely  f r a g i l e . O ften , th e  c e l l  
w a ll ru p tu re s  w hile  th ey  a re  being  observed under the  m icroscope . The 
sperm atozoa a re  f l a g e l l a t e d ,  and though in a c t iv e  when f i r s t  removed,
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become q u ite  a c tiv e  w ith in  a few m inutes a f t e r  b e in g  p la ce d  i n  sea  
w a ter on a d e p re ss io n  s l i d e .
In  b o th  sexes th e  gonad i s  lo c a te d  d o rsa l to  the  d ig e s t iv e  g land 
w hich c o n s t i tu te s  th e  bu lk  o f the  s p i r a l  p o r t io n  o f  the  v is c e r a l  m ass. 
The gonad i s  embedded i n  th e  d ig e s t iv e  g land  and extends back n e a r ly  
to  th e  t i p  o f the v is  c e ra l  m ass.
The vas d e fe ren s  b eg in s  v e n t r o - l a t e r a l  to  th e  t e s t i s .  I t  i s  a lso  
embedded in  the d ig e s t iv e  gland and i s  much convolu ted  as i t  p asses 
along th e  gland to  e n te r  th e  m antle  c a v i ty .  This duct th en  p asses  
along the  w a ll o f  th e  m antle c a v ity  u n t i l  i t  p e n e tra te s  th e  p e n is .
The o v id u c t i s  s im i la r ly  s i tu a te d  b u t i s  le s s  convoluted th a n  the 
vas d e fe re n s . As i t  p asses  along th e  d ig e s t iv e  g land , the  o v id u c t 
becomes w ider and th e  w a ll becomes th ic k  and m uscu lar. A fte r  e n te r in g  
th e  m antle c a v ity , i t  con tinues to  a sm all p a p i l l a  th a t  b e a r s  th e  
v a g in a l opening^
In  o rd er to  determ ine the in d iv id u a l  sexes p re se n t i n  la rg e  
c o lle c t io n s  o f d r i l l s ,  i t  i s  u su a l to  s a c r i f i c e  the  an im a ls . 'The s h e l l  
i s  cracked and removed. This a llow s d i r e c t  o b se rv a tio n  o f  the  p resence  
o r  absence o f  a p e n is ,  p . d u p lic a tu s  o f  10 to  12 mm. s h e l l  h e ig h t o r 
sm a lle r cannot be a c c u ra te ly  sexed by  th i s  method, s in ce  m ales o f  th i s  
s iz e  have not developed a p e n is .  I n  P. t r i s e r i a t a , a  sm a lle r sp e c ie s , 
in d iv id u a ls  can be sexed a t  a s iz e  o f abou t 6 mm. s h e l l  h e ig h t .  
Specimens sm a lle r th an  th i s  cannot be sexed . Again t h i s  r e s u l t s  from 
the absence o f e x te rn a l  g e n i ta l i a  (G ig H o li  19b9) • When d r i l l s  o f  
th e se  sm all s iz e s  appear i n  c o l le c t io n s ,  th e y  a re  u s u a l ly  grouped as 
immatures w ith o u t re fe re n ce  to sex .
Sm all P . h e ro s , 10 to  12 mm. s h e l l  h e ig h t o r  s m a lle r , c o l le c te d  a t
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York B each, M aine, d id  n o t have e x t e r n a l  g e n i t a l i a  p r e s e n t .  Specim ens 
o f  t h i s  s p e c ie s  betw een  t h i s  s i z e  and ap p ro x im a te ly  25 mm. s h e l l  
h e ig h t  w ere n o t o b ta in e d  d u r in g  t h i s  s tu d y .  G i g l i o l i  (19l(9) a ls o  n o te s  
a la c k  o f  sm a ll P- h e ro s  i n  C anadian w a te r s .  Thus, i t  has n o t  b een  
d e te rm in e d  a t  w hat s iz e  F . h e ro s  develops e x t e r n a l  g e n i t a l i a .
During 19l»9 and 1950, Turner made e x ten s iv e  c o l le c t io n s  o f P . d u p li-  
c a tu s  a t  B arn stab le  H arbor, M assach u se tts . The measurement and sex  o f 
in d iv id u a l  d r i l l s  was rec o rd ed  f o r  a number o f  th e se  c o l le c t io n s .  This 
unpublished  d a ta  was made a v a ila b le  to  the  a u th o r  and in d ic a te d  t h a t  
n e a r ly  eq u a l numbers o f  m ales and fem ales were p re s e n t on th e  f l a t s  
du ring  th e  summers o f  th o se  y e a r s .
Sex d e te rm in a tio n s  o f two c o l le c t io n s  o f P . heros were made b y  th e  
a u th o r . One group o f 150 specimens from V ineyard Sound, M assachusetts
co n ta in ed  81 fem ales and 69 m ales. D ata on a c o l le c t io n  o f  t h i s  sp ec ie s
from S t .  Andrews, New Brunswick was a v a i la b le  from 90 specimens k in d ly  
s e n t  to  the  au th o r i n  1952 by D r. C arl J .  Medcof, A t la n t ic  B io lo g ic a l 
S ta t io n .  This group co n ta ined  h9 fem ales and I|1 m ales .
In  s tu d ie s  o f  P . t r i s e r i a t a  i n  so u th e rn  Canada, W heatley (19^47) 
found a predominance o f  fem ales over m ales o f  about Ij to  3 • No compara­
t iv e  d a ta  fo r  t h i s  sp ec ie s  was o b ta in ed  in  co n ju n c tio n  w ith  t h i s  s tu d y  
s in ce  no p o p u la tio n s  were lo c a te d  i n  New England w a te r s .
The unpublished  d a ta  of Turner a lso  show t h a t  the  average s iz e  o f
male d r i l l s  i s  sm a lle r th an  the  average s iz e  o f  fem ales i n  any o f  the  
in d iv id u a l  c o lle c t io n s  made a t  B arn stab le  H arbor, M assach u se tts . In  
a d d it io n , o b se rv a tio n s  in d ic a te  t h a t  th e  male member o f  a  m ating  p a i r  o f 
d u p lic a tu s  i s  sm a lle r  th an  th e  fem ale . The d if fe re n c e  i n  s iz e  i s  on 
th e  o rd e r  o f  10 mm. o p e rc u la r  le n g th  (Table 2 ) .
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Table 2 . P . d u p l ic a tu s : O percu lar Length o f  Male and 
Female Members o f  Mating P a irs
P a ir  O percu lar Length S ize  D i f f e r e n t ia l
mm. mm.
Male Female
1 21 39 18
2 31 1)5 lb
3 33 1)6 13
It 214 37 13
5 16 29 n
6 23 31 8
7 19 26 7
0 36 1)2 6
S ix  o f th e  p a i r s  l i s t e d  above were recovered  from the la b o ra to ry  
spawning ta n k . The d r i l l s  in  th e  tank had been  randomly s e le c te d  from 
one o f th e  c o l le c t io n s  made a t  the B arn stab le  Harbor s t a t i o n .  Two of 
the  p a i r s  were c o l le c te d  on the t i d a l  f l a t s  a t  the same s t a t i o n .
A s im ila r  d if f e r e n c e  i n  s iz e  betw een th e  sexes i s  re p o r te d  fo r  
m ating p a ir s  o f  P . heros and P . t r i s e r i a t a  recovered  from f i e l d  
p o p u la tio n s  (S tin so n  19^6; G ig l io l i  19149)*
Among o th e r  p h y la  o f  in v e r te b ra te  an im als, the  sexes a re  sometimes 
s e p a ra te d  d u rin g  th e  co ld e r months o f  th e  y e a r . This has been  noted 
fo r  the  g reen  c rab , C arcin ides maenas (L in n e). D ata c o lle c te d  b y  the 
U. S . Bureau o f  Commercial F is h e r ie s  i n  so u th ern  Maine su g g est th a t  
fem ale c rab s  o f  t h i s  sp ec ie s  o v erw in te r in  burrows i n  the  banks o f  
marsh creek sy stem s. In  c o n tr a s t ,  the  male c rab s  appear to  m ig ra te  in  
th e  f a l l  from th e  creeks in to  d eep e r, s u b t id a l  w ater and do n o t r e tu rn  
u n t i l  the fo llo w in g  sp rin g  (Hanks, R obert p e rso n a l com m unication).
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AH th re e  sp e c ie s  o f  PolirrLces h e re in  co n sid e red  burrow in to  th e  
f l a t s  i n  th e  l a t e  f a l l ,  where th e y  u s u a l ly  rem ain  below th e  su rfa ce  
th roughou t the  w in te r  and e a r ly  sp rin g  m onths. O ccasio n a lly , a  few 
d r i l l s  can be found craw ling  about as l a t e  as December o r  as e a r ly  as 
A p r il  when low t id e s  and b r ig h t  s u n l ig h t  combine to  warm the su rfa ce  
on th e  f l a t s .
In s o fa r  as th e  au th o r i s  aware, th e  d r i l l s  recovered  by T urner 
(unpub lished) on November 7, 1950 a t  Duxbury, M assachusetts  c o n s t i tu te  
th e  l a s t  c o l le c t io n  made f o r  th a t  tim e o f  y e a r . A lthough n o t abundant, 
315 specimens o f  P . d u p lic a tu s  were o b ta in ed  by covering  a la rg e  a re a  
o f  f l a t  d u rin g  th e  p e rio d  o f  low t i d e .  Of th e s e , llf7 were m ales and 
168 were fem a les . The e s tim a te d  sea  w a te r tem p era tu re  a t  th e  tim e o f  
t h i s  c o l le c t io n  i s  10° C. This e s tim a te  i s  based  on a  w a ter tem peratu re  
o f  1 1 .5 U C. reco rd ed  oy T urner a t  B arn stab le  H arbor, M assachusetts on 
November 17, 1950.
S ince th e  number o f  d r i l l s  on the  su rface  o f  th e  f l a t  a t  Duxbury 
was co n sid e rab ly  le s s  th a n  i t  had been i n  the  same a re a  in  th e  p rev ious 
summer (T urner, p e rso n a l com m unication), i t  appears th a t  the  bulk  o f  
th e  p o p u la tio n  had a lre a d y  burrowed in to  th e  f l a t  f o r  th e  rem ainder o f 
th e  w in te r .
Thus, from the evidence a v a ila b le , i t  does not appear th a t any 
separation  o f  the sexes takes p lace by m igration  in  populations o f  
P o lin ices  th a t l iv e  in  the in t e r t id a l  -zone. Therefore, males and 
females should be presen t in  about equal numbers a t  the beginning o f  the 
reproductive season in  the sp rin g . Under such con d ition s, i t  would be 
p o ss ib le  fo r  a l l  mature fem ales to  mate.
This would r e s u l t  i n  a h igh  re p ro d u c tiv e  p o te n t i a l  i n  t h a t  a l l  
a d u lt  fem ale d r i l l s  shou ld  be capable o f  producing egg c o l la r s  co n ta in in g  
f e r t i l i z e d  eggs.
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O b se rv a tio n  o f  P. d u p lic a tu s  a t  B a rn s ta b le  and Q u is s e t t  H arbors 
in d ic a te d  t h a t  m a tin g  ta k e s  p la c e  th ro u g h o u t th e  summer. A lthough  
m ating  i s  p r im a r i ly  a  n o c tu rn a l  a c t i v i t y ,  a  few m atin g  p a i r s  were 
se e n  on th e  s u r fa c e  o f  th e  f l a t s  a t  b o th  s t a t i o n s  from l a t e  May th ro u g h  
th e  m iddle o f  A ugust w henever c o l le c t io n s  o f  d r i l l s  w ere o b ta in e d .
Most o f  su ch  p a i r s  w ere n o t i n  c o p u la t io n  b u t  w ere moving o v er th e  
s u r fa c e  o f  th e  f l a t  i n  a  " p re -c o n ju g a l  m arch" s im i la r  to  t h a t  d e s c r ib e d  
b y  G i g l i o l i  (15ll9) f o r  P . t r i s e r i a t a .  G i g l i o l i  c o n s id e rs  t h a t  t h i s  
a c t i v i t y  p re c e d e s  the  a c tu a l  c o p u la t io n , w hich he b e l ie v e s  alw ays ta k e s  
p la c e  below  th e  s u r fa c e  o f  th e  f l a t .  A lthough  p a i r e d  P . d u p lic a tu s  
go th ro u g h  t h i s  same "m arching" p r io r  to  c o p u la t io n ,  th e y  do n o t alw ays 
burrow  in t o  the  f l a t  to  c o p u la te .  A number o f  m a tin g  p a i r s  o f  P . 
d u p lic a tu s  were observed  i n  th e  spaw ning ta n k .  I n  a  t y p i c a l  m a tin g , 
th e  propodium  ( a n t e r io r  p o r t io n  o f  th e  f o o t )  o f  th e  m ale i s  su p p o rte d  
by a p o r t io n  o f  th e  fo o t  and s h e l l  o f  th e  fe m a le . Only th e  p o s t e r i o r  
h a l f  o f  th e  fo o t  o f  th e  male i s  i n  c o n ta c t  w ith  th e  su b s tra tu m . I n  
some c a s e s ,  when th e  m ale i s  q u i te  sm a ll r e l a t i v e  to  th e  fe m a le , th e  
male i s  e n t i r e l y  su p p o rte d  by th e  fem ale th ro u g h o u t th e  p e r io d  o f  
m a tin g . The d r i l l s  may rem ain  i n  t h i s  p a i r e d  p o s i t i o n  f o r  as lo n g  as 
two h o u r s . The fem ale moves o v er th e  s u r fa c e  o f  th e  f l a t  c o n t in u a l ly  
and th e  male i s  more o r  l e s s  p a s s iv e ly  c a r r i e d  a lo n g  w ith  h e r .  T h is  i s  
th e  t y p i c a l  p o s i t i o n  and movement w hich G i g l i o l i  c a l l s  th e  " p re -c o n ju g a l  
m arch ."  A f te r  a v a ry in g  p e r io d  o f  tim e , th e  fem ale may burrow : c o p u la ­
t i o n  th e n  ta k e s  p la c e  below  th e  s u r f a c e . I n  th e  r e l a t i v e l y  few c a ses  
w here c o p u la tio n  has b een  o b serv ed  to  ta k e  p la c e  on th e  s u r fa c e  o f ,  
r a t h e r  th a n  i n ,  th e  su b s tra tu m , i t  was c l e a r l y  o b se rv ed  t h a t  th e  p e n is ,  
w hich i s  capab le  o f  c o n s id e ra b le  v a s c u la r  e x te n s io n ,  p a s s e s  d o r s a l  to  th e
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fo o t o f  th e  male and e n te r s  th e  m antle c a v ity  o f  the  fem ale to  p e n e tra te  
the  v a g in a . The members o f th e  p a i r  th e n  s e p a ra te  and no resum ption  o f  
m ating a c t i v i t y  was observed once th i s  s e p a ra t io n  had o c cu rred . P a ir s  
d is tu rb e d  by p h y s ic a l means w h ile  i n  c o p u la tio n  d id  n o t a ttem p t to  
rem ate . However, p a i r s  d is tu rb e d  w hile  craw ling  along th e  su rfa c e  would 
o f te n  resume th is  a c t i v i t y  and com plete the  rep ro d u c tiv e  a c t .
S ince the  fem ale d r i l l  norm ally  produces th e  egg c o l l a r  below th e  
su rfa ce  o f  th e  su b stra tu m , i t  i s  n o t p o s s ib le  to  observe th e  a c tu a l  
fo rm ation  p ro c e ss . Some d i r e c t  o b se rv a tio n s  were made on th e  fo rm atio n  
o f  c o l la r s  by P. d u p lic a tu s  j u s t  b e fo re  th ey  were com pleted when a  p o r t io n  
o f  the  c o l la r  was v i s ib le  above th e  s u r fa c e . These o b se rv a tio n s  were 
supplem ented by d is tu rb in g  fem ales w hile th e y  were form ing c o l la r s  and 
reco v erin g  th e  p o r t io n  o f  th e  c o l la r  produced to  th a t  t im e . O bservations 
from both  sources in d ic a te  t h a t  the  body o f the  c o l la r  i s  formed from a 
j e l l y - l i k e  m a te r ia l  s e c re te d  by the  f o o t .  This m a te r ia l  a p p a re n tly  
hardens somewhat a f t e r  c o n ta c tin g  th e  sea  w a te r . By the a c t io n  o f  the  
fo o t ,  r e f le c te d  upwards a g a in s t  the s h e l l ,  the j e l l y  i s  formed in to  a 
t h in  rib b o n  o f  about 1 mm. in  th ic k n e s s . The eggs a re  th e n  d e p o s ited  
in to  th i s  j e l l y  from the  v a g in a l opening . S ince the c o l la r  i s  form ed 
below the  s u r fa c e , sand g ra in s  adhere b o th  to  th e  o u ts id e  o f  th e  j e l l y  
and a re  p re sse d  in to  i t  w hile  the  c o l la r  i s  be ing  shaped a g a in s t  th e  s h e l l . 
P o rtio n s  o f  c o l la r s  reco v ered  by d igg ing  the  female from th e  sand w hile  th e  
c o l la r  was be ing  formed show th a t  th e  com plete w idth o f  the  c o l l a r  i s  
produced and th e  eggs d e p o s ite d  i n  a  n e a r ly  sim ultaneous o p e ra t io n . The 
c h a r a c te r i s t i c  shape o f th e  c o l la r  i s  im parted  as the  c o l la r  i s  b e in g
form ed.
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VJhen egg c o l l a r s ,  bo th  whole and. in  s e c tio n , were examined under 
th e  m icroscope, th e  eggs appeared  to  be d e p o s ite d  somewhat randomly 
and each  i n  a s in g le  g e la tin o u s  c a p su le . However, a number o f  c o l la r s  
o f  P . d u p lic a tu s  were recovered  from th e  spawning tan k  i n  which p o rtio n s  
o f  the  c o l l a r  had no sand g ra in s  embedded i n  the  j e l l y .  These p o r tio n s  
were q u ite  t r a n s p a re n t  and th e  eggs were c le a r ly  v i s i b l e . Exam ination 
o f  th e se  a re a s  showed th e  eggs were a c u u a lly  d e p o sited  i n  continuous 
g e la t in o u s  cords which were wound back and f o r th  in  the j e l l y  (F igure 3 )•  
T his i s  a ty p ic a l  method o f  egg d e p o s it io n  among nudibranch and p ro so - 
b ranch  gastropods which have g e la tin o u s  egg c a s e s . I t  appears t h a t  when 
th e  sand g ra in s  are  p re ssed  in to  the  c o l la r  th i s  p a t te r n  o f d e p o s it io n  
o f  eggs i s  obscu red . A lthough th i s  was observed on ly  f o r  c o l la r s  o f p . 
d u p lic a tu s , i t  i s  p robab le  t h a t  the  same method o f  d e p o s it io n  o f  eggs 
occurs f o r  th e  o th e r two sp ec ie s  s tu d ie d .
G ig l io l i  (1955) has shown th a t  the  egg c o l la r s  o f  d i f f e r e n t  sp ec ie s  
o f  n a t ic id s  a re  c h a r a c te r i s t i c  and id e n t i f i a b le  as su ch . His d e sc r ip tio n s  
a re  adequate fo r  th e  i d e n t i f i c a t i o n  of the egg c o l la r s  o f the  th re e  
sp e c ie s  d e a l t  w ith  i n  t h i s  s tu d y . I t  was a lso  found p o s s ib le  to id e n t i f y  
p o r t io n s  re p re s e n tin g  as l i t t l e  as l / 8th  o f  the whole c o l la r  o f  th ese  
s p e c ie s .  In  a d d it io n  to  d if fe re n c e s  in  th e  shape o f  c o l la r s  o f  d i f f e r e n t  
s p e c ie s ,  th e re  a re  a lso  d if fe re n c e s  in  th e  s iz e  o f th e  eggs and the  number 
o f  eggs p e r capsu le  . These a re  a lso  d e sc rib e d  by G ig l io l i  (1955) fo r  many 
o f  the sp ec ie s  o f  n a t ic id s .  The e x te rn a l  fe a tu re s  o f  th e  c o l la r s  o f  P. 
d u p l ic a tu s , P . heros and P. t r i s e r i a t a  a re  shown in  F ig u res  2 , i |, and 5»
A lthough  i t  i s  g e n e r a l ly  c o r r e c t  to  s t a t e  t h a t  th e  c h a r a c t e r i s t i c s  
o f  a  c o l l a r  a re  s p e c i f i c  f o r  each s p e c ie s ,  i t  sh o u ld  be n o ted  t h a t  
c e r t a i n  e x c e p tio n s  o c c u r . Over a  p e r io d  o f  two y e a rs  o f  m a in ta in in g
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P. d u p lic a tu s  i n  th e  la b o ra to ry  f o r  spawning p u rp o ses, a  number o f  
c o l la r s  were produced th a t  d id  n o t have th e  c h a r a c te r i s t i c  e x te rn a l  
shape f o r  th i s  s p e c ie s .  The u su a l ab n o ra ia lity  was a la c k  o f 
s c a llo p in g  along th e  b a s a l  edge o f  th e  c o l l a r .  S ince no o th e r  sp ec ie s  
was p re s e n t  i n  th e  spawning tan k , th e re  cou ld  be no doubt b u t what 
th e se  c o l la r s  were produced by P. d u p l ic a tu s . These a b e r ra n t c o l la r s  
were no t produced by  a  s in g le  fem ale s in ce  th e y  were recovered  from 
more th an  one spawning tan k  and from d i f f e r e n t  groups o f  d r i l l s .
In  o rd er to  determ ine i f  such a b e r ra n t c o l la r s  co n ta ined  normal 
eggs t h a t  would develop  to  normal la rv a e , two o f th ese  c o l la r s  were 
is o la te d  in  se p a ra te  p l a s t i c  c o n ta in e rs  w ith  s e a  w a ter f o r  o b se rv a tio n  
o f  developm ent. The eggs c leaved  norm ally  and developed to  e a r ly  
v e l ig e r  la r v a e . These la rv ae  were r e le a s e d  from the  c o l l a r  a f t e r  12 
days a t  18° to  20° C ., which i s  the same as f o r  c o l la r s  o f  n o m a l shape . 
R eleased  la rv a e  swam a c t iv e ly  and fed  on th e  added phy top larik ton . Thus 
th e  abnormal shape o f  th e se  c o l la r s  d id  n o t appear to  a f f e c t  th e  eggs 
o r la rv a e  which th ey  co n ta in ed .
The a b e r ra n t  c o l la r s  a re  e s tim ated  to  have been produced on the 
o rd e r o f  about 1 i n  100 under la b o ra to ry  c o n d itio n s . No such c o l la r s  
have been observed  by th e  au tho r i n  c o l le c t io n s  from f i e l d  p o p u la tio n s  
o f  P . d u p l ic a tu s . S tin so n  (19d6) and G ig l io l i  (191)9) r e p o r t  t h a t  some 
im p e rfec t c o l la r s  o f  both  P . heros and P. t r i s e r i a t a  were o b ta in ed  
during  t h e i r  s tu d ie s  o f  th ese  s p e c ie s . However1, th e  im p e rfe c tio n s  th ey  
noted  were m ainly  incom plete sanding o f  th e  c o l l a r ,  le a v in g  tra n s p a re n t  
a re a s , r a th e r  th a n  any abnormal shape o f  the  c o l l a r  i t s e l f .
One e x p la n a tio n  f o r  the  p ro d u c tio n  o f  such a b e r ra n t c o l la r s  concerns 
th e  crowded c o n d itio n  o f  th e  d r i l l s  i n  the  sm all space o f  th e  spawning
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ta n k . I t  seems p o ss ib le  t h a t  overcrow ding m ight le a d  to  a  fem ale d r i l l  
be ing  d is tu rb e d  by th e  movement o f  o th e r  d r i l l s  d u ring  th e  fo rm atio n  o f 
a c o l l a r .  Such a d is tu rb an ce  m ight a f f e c t  the r a t e  o f  fo rm atio n  such 
th a t  th e  normal shaping o f th e  c o l la r  would no t o c cu r . S ince i t  tak es  
a fem ale d r i l l  I4 to  8 hours to  produce a complete c o l l a r ,  an i n t e r ­
ru p tio n  in  the p rocess m ight r e s u l t  i n  an abnormal shape .
Two experim ents were conducted w ith  P. d u p lic a tu s  to  t e s t  the  
h y p o thesis  th a t  p h y s ic a l d is tu rb an ce  was Hie cause o f  th e  fo rm ation  o f  
abnorm ally shaped c o l l a r s . In  the  f i r s t  experim ent, a fem ale d r i l l  in  
th e  p rocess  o f  forming a c o l la r  was d is tu rb e d  a number o f  tim es w ith  a 
g la ss  rod pushed below the  su rfa ce  o f the  sand. VJhen th i s  c o l l a r  was 
recovered  a f t e r  com pletion , i t  had the normal c h a r a c te r i s t i c  shape fo r  
th i s  s p e c ie s . For the  second experim ent, two a d d i t io n a l  d r i l l s  were 
pushed below th e  su rface  o f  th e  sand b e s id e  a female i n  th e  p ro cess  o f 
forming a c o l l a r .  Yet, a f te r  th ey  had moved away, the fem ale con tinued  
to  form the c o l l a r .  Wien th i s  c o l la r  was reco v ered  a f t e r  com pletion, 
th e re  was no evidence o f  any in te r r u p t io n  along the  le n g th  o f  the  c o l la r  
and the  shape o f  the  c o l la r  was norm al. Thus, i t  could  n o t be shown th a t  
p h y s ic a l d is tu rb an ce  r e s u l te d  in  th e  fo rm ation  o f  a b e r ra n t c o l l a r s .
The s ig n if ic a n c e  o f  th ese  a b e r ra n t c o l la r s  formed by P. d u p lic a tu s  
l i e s  in  the  f a c t  th a t  c o l la r s  as y e t u n id e n t i f ie d  to  sp e c ie s  have been 
dredged from deep w ater o f f  th e  Canadian A tla n t ic  c o a s t ( G ig l io l i  1952, 
1955)* The number o f such u n id e n t i f ie d  c o l la r s  th a t  were reco v ered  le d  
G ig l io l i  to  b e lie v e  t h a t  th e y  were produced by an  unknown sp e c ie s  o f  
n a t i c id .  I t  seems p o s s ib le , however, t h a t  th e se  c o l la r s  may have been 
abnorm ally shaped specimens o f  known sp ec ie s  of P o lin ic e s  o r  N a tica . 
P rov id ing  adequate c o lle c t io n s  o f  such u n id e n t i f ie d  c o l la r s  could  be
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o b ta in e d , i t  should be p o s s ib le  to  m a in ta in  them in  th e  la b o ra to ry  u n t i l  
th e  la rv a e  were re le a s e d  and th e n  to  r e a r  the la rv a e  to  m etam orphosis.
I f  th e  growth r a te  o f n a t ic id s  i n  g e n e ra l i s  a t  a l l  comparable to  th a t  
fo r  P . h e ros and P . d u p l ic a tu s , i t  would be p o s s ib le  to  de term ine w hether 
th e se  in d iv id u a ls  were a d e sc rib e d  sp ec ie s  by about one month a f t e r  
m etam orphosis. In  t h a t  p e rio d  o f  tim e , the  d r i l l s  should  have grown to  
a s iz e  o f  about $ to  10 mm. s h e l l  h e ig h t. At t h a t  s i z e ,  i d e n t i f i c a t i o n  
can be made from c h a r a c te r i s t i c s  o f  th e  s h e l l  and ra d u la .
The normal b reed ing  seaso n  and p e rio d  o f  c o l l a r  fo rm atio n  fo r  th e  
th re e  P o lin ic e s  s tu d ie d  i s  d u rin g  th e  warmer months o f  th e  y e a r .  This 
g e n e ra lly  in c lu d es  a p e r io d  from th e  m iddle o f  June th rough  th e  end o f 
A ugust. Some v a r ia t io n  occurs from year to  y ear i n  th e  beg inn ing  and 
ending d a tes  o f  c o l la r  fo rm atio n . H e ld  o b se rv a tio n s  on the th re e  
sp ec ie s  were made on p o p u la tio n s  a t  a number o f  lo c a t io n s  from so u th ern  
M assachusetts to so u th ern  Canada.
The e a r l i e s t  o b se rv a tio n  o f  egg c o l la r s  o f  P . d u p lic a tu s  was on 
A p ril  ll) , 1938. This was re p o r te d  to  the  au th o r by  M r. C harles L.
W heeler (B io lo g is t ,  D iv is io n  o f  Marine f i s h e r i e s ,  Commonwealth o f  
M assachusetts) fo r  c o l la r s  p re s e n t  in  a shallow  s e c t io n  o f T isb u ry  
G reat pond, M arthas V ineyard, M assach u se tts . No measurement o f  th e  sea  
w a ter tem perature  was tak en  w ith  th is  o b se rv a tio n , b u t the  w a te r tem per­
a tu re  reco rd ed  a t  th e  W .H .O .I. la b o ra to ry  a t  th i s  tim e was 9° C.
C o lla rs  were n o t p re se n t t h a t  year a t  th e  B arn stab le  o r  Q u is se tt  Harbor 
s ta t io n s  u n t i l  the  second week o f  Ju n e . Thus i t  seems p robab le  t h a t  the 
w a te r tem peratu re  i n  T isb u ry  G rea t Pond ivas somewhat h ig h e r th an  a t  the  
s t a t i o n  where P . d u p lic a tu s  p o p u la tio n s  were under ro u tin e  o b s e rv a tio n . 
This cou ld  account fo r  th e  much e a r l i e r  d a te  o f  spawning a t  T isb u ry
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G re a t Pond.
Egg c o l la r s  o f  P . d u p lic a tu s  were common th roughou t the  summer 
o f  b o th  1957 and 1958 a t  th e  B arn stab le  and Q u is se tt  Harbor s ta t io n s  
when th e  sea  w a ter tem pera tu re  was above 17° C. In  1957* c o l la r s  
were p re s e n t  when th e se  s ta t io n s  were v i s i t e d  on June 1 2 th . In  1958, 
c o l la r s  were f i r s t  observed a t  Q u is se tt  Harbor on June 1 6 th  and a t  
B arn stab le  Harbor on June 1 9 th . Both s ta t io n s  had been  v i s i t e d  one 
week p r io r  to  th e se  d a tes  and no c o l la r s  had been p re s e n t .  C o lla rs  
were a lso  found on th e  f l a t s  u n t i l  August 26, 1957 and August 29,
1958 a t  Q u is s e t t  Harbor and on August 27, 195? and August 30 , 1958 a t  
B arn s tab le  H arbor. No c o l la r s  were observed  a t  e i t h e r  s t a t i o n  in  
e i t h e r  year when the  f i r s t  September v i s i t  was made.
A lthough s u b t id a l  p o p u la tio n s  o f p . heros are  p re s e n t  in  V ineyard 
Sound, no i n t e r t i d a l  p o p u la tio n s  were lo c a te d  i n  the v i c i n i t y  o f Cape 
Cod, M assach u se tts . A few c o l la r s  were c o l le c te d  a t  S t .  Andrews, New 
Brunswick the l a t e r  p a r t  o f  August, 1957. These were n o t o b ta in ed  by 
th e  au th o r and the  sea  w a te r tem peratu re  was no t tak en  a t  th e  tim e of 
c o l le c t io n .  The m onthly average su rface  sea  w a ter tem peratu re  a t  S t .  
Andrews fo r  the month o f  August t h a t  year was 13.5° C. (L auzier 1958).
A. number o f  c o l la r s  were dredged from V ineyard Sound in  Ju ly , 1958 in  
30 to  I4O f e e t  o f  w a te r . Bottom w ater tem p era tu res  a t  the  s ta t io n s  
dredged ranged  from 16° to  19° C.
Although 3 a d u lt  specimens o f  P . t r i s e r i a t a  were tak en  by 
d redg ing  n ear Menemsha H arbor, M assach u se tts , no p o p u la tio n s  o f  th i s  
sp e c ie s  were found i n  th e  i n t e r t i d a l  a re a s  o f  Cape Cod, M assach u se tts . 
Only th re e  c o l le c t io n s  o f  P . t r i s e r i a t a  egg c o l la r s  were o b ta in ed  
d u rin g  th i s  s tu d y . One was from S ta rb o a rd  I s la n d , Maine where a number
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o f c o l la r s  were c o l le c te d  from the t i d a l  f l a t s  on A p r il  26, 1957* The 
s u rfa c e  sea  w ater tem pera tu re  a t  th e  tim e o f c o l le c t io n  was 6 .2° C.
Two o th e r  c o l le c t io n s  w ere made i n  th e  v i c i n i t y  o f  S t .  Andrews, New 
B runsw ick: one i n  e a r ly  Ju n e , 1957 and one i n  l a t e  A ugust, 1957* The 
av erag e  m onth ly  s u r fa c e  s e a  w a te r  te m p e ra tu re  f o r  th o s e  months was 
r e s p e c t iv e l y  10.3° C. and 13.5° C. (L a u z ie r  1958).
Two egg c o l la r s  were produced by the  3 P . t r i s e r i a t a  k ep t i n  the 
la b o ra to ry  in  runn ing  sea  w ater a t  n a tu ra l  te m p e ra tu re s . The w ater 
tem peratu re  a t  th e  time th e  c o l la r s  were produced on A p ril  20th and 
22nd was 9*5° C.
These o b se rv a tio n s  in d ic a te  th a t  th e se  th re e  sp ec ie s  have th e i r  
normal p e rio d  o f  re p ro d u c tio n  during  the  summer months over the  whole 
o f  the  a re a  covered i n  t h i s  s tu d y .
In  o rd e r  to  o b ta in  exp erim en ta l d a ta  fo r  com parison w ith  the 
f i e l d  o b se rv a tio n s  on w ater tem peratu re  l im ita t io n s  to  the  d e p o s it io n  
o f  egg c o l l a r s ,  150 specimens o f  P . d u p lic a tu s  were p laced  in  a wooden 
tan k  (18" x 36" x 16") i n  the  la b o ra to ry . Four inches o f  s i f t e d  beach 
sand was p laced  i n  the bottom o f  the  tank  and a co n stan t flow o f  sea  
w ater p ro v id e d . Mussels were added to  the  tank as o f te n  as necessary  
to  m a in ta in  an excess supp ly  o f  food fo r  the  d r i l l s .  The tem peratu re  
o f  the  sea  w ater running to  the tank follow ed the  annual tem perature  
cycle  from a w in te r  low o f  about 2° C. to  a summer h igh o f  about 21° C. 
S ince  the  d r i l l s  fe d , mated and produced egg c o l la r s  under such con­
d i t io n s ,  i t  was assumed th a t  the  environm ent was s im i la r ,  even though 
n o t id e n t i c a l ,  to  th e i r  n a tu r a l  h a b i t a t .  There were two obvious 
f a c to r s  which were q u ite  d i f f e r e n t  from  those  e x is t in g  on th e  t i d a l  
f l a t s .  One itfas th e  la rg e  number o f  d r i l l s  confined  i n  th e  r a th e r  sm all
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space o f the ta n k . The o th e r  was a la ck  o f any t i d a l  c y c le .  The w ater 
le v e l  was m ain ta ined  a t  about a dep th  o f  1 fo o t by p la c in g  an overflow  
hole n ea r the  to p  o f  th e  ta n k .
These d r i l l s  were observed re g u la r ly  fo r  a  f u l l  year from th e  tim e 
the  tank was s e t  up in  A ugust, 1957* Records o f the  w ater tem peratu re  
were k e p t, and the number o f  c o l la r s  produced were noted  a t  3 to  5 -day 
in t e r v a l s .  C o lla rs  were removed from the  tan k  a f t e r  each o b se rv a tio n  
in  o rd e r th a t  th e y  would no t be reco rded  tw ic e . Table 3 shows the 
number o f  c o l la r s  produced each month as vrell as the  w ater tem pera tu re  
range fo r  th e  same p e r io d . A few m o r ta l i t ie s  occurred  d u rin g  the  
p e rio d  o f o b se rv a tio n . Dead d r i l l s  were re p la ce d  by d r i l l s  from 
ano ther tank which a lso  had been k ep t a t  normal w ater te m p e ra tu re s .
Table 3 .  Number o f Egg C o lla rs  Produced Each Month 
by lf?0 P . d u p lic a tu s  D uring One Annual 
Cycle o f Sea Water Tem perature
Month Number of Monthly Tem perature
c o l la r s Range ( 0 C.)
produced High Low
1957
September 82 21 17
O ctober 21 18 11
November 13 13 10
December I t 9 6
1958
January 0 6 2
February 0 h 2
March 0 8 I t
A p ril 7 13 8
May 19 i o 13
June hh 18 1 5
Ju ly 87 22 20
August 97 22 19
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The f i r s t  c o l la r s  were d e p o s ited  w ith in  a  week a f t e r  th e  s t a r t  o f 
t h i s  experim en t. The w a te r tem pera tu re  a t  th a t  tim e was 21° C.
A lthough th e  number d ecreased , c o l la r s  con tinued  to  be produced th ro u g h ­
ou t th e  e a r ly  f a l l  as th e  w ater tem pera tu re  low ered from 21° C. to  13° C. 
This was co n sid e rab ly  l a t e r  th a n  a t  th e  f i e ld  s ta t io n s  where c o l la r s  were 
no t produced a f t e r  the  end o f A ugust. The w ater tem perature  a t  the  f i e l d  
s ta t io n s  had n o t dropped below 18° C. a t  th a t  t im e . When th e  tem pera tu re  
i n  th e  la b o ra to ry  tank  dropped below 13° C ., c o l la r s  were produced o n ly  
i n te r m i t te n t ly .  O ften two o b se rv a tio n s  would pass w ith o u t any c o l la r s  
be ing  found and th e n  one o r two would be d e p o s ite d . C o lla rs  were 
produced a t  a l l  tem p era tu res  down to  7*6° C. when a c o l la r  was recovered  
on December l i t ,  1957- Erom t h a t  d a te  onward, no c o l la r s  were produced 
u n t i l  the fo llow ing  sp rin g , a p e rio d  of about fo u r  m onths. On A p r i l  11, 
1958, two c o l la r s  were produced when the  w ater tem peratu re  was 8 .I40 C. 
This in d ic a te s  th a t  egg c o l la r s  can be produced a t  w a te r tem peratu res  
c o n s id e ra b ly  below those  a t  which th ey  a re  produced in  th e  f i e l d .
Mating p a i r s  o f  d r i l l s  were n o t observed i n  the  la b o ra to ry  tank 
during  th e  e a r ly  s p r in g . Unless sperm from a m ating which had o ccu rred  
during  th e  p rev io u s summer was r e ta in e d  by the fem ales over the  w in te r  
fo r  f e r t i l i z a t i o n  o f  ova, m ating must have tak en  p la ce  unobserved below 
the  su rfa ce  o f  the  sand . Evidence i s  a v a ila b le  t h a t  a female P . d u p l i ­
ca tu s  need mate o n ly  once in  any one b reed in g  seaso n  i n  o rd e r to  
produce f e r t i l i z e d  eggs in  a number o f  c o l la r s  during th e  same seaso n  
(Hanks 1953). No evidence i s  a v a ila b le  f o r  P o lin ic e s  to  confirm  the 
p o s s ib i l i t y  o f  sperm be ing  r e ta in e d  in  a  fem ale over the  w in te r  fo r  
f e r t i l i z a t i o n  o f  ova during  the n ex t b reed in g  sea so n . I t  i s  known fo r 
th e  o y s te r  d r i l l ,  U rosalp inx  c in e re a , t h a t  in d iv id u a l  fem ales , i s o la te d
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i n  p e r f o r a t e d  p l a s t i c  c o n ta in e r s , c an  p roduce  egg c a p s u le s  i n  two 
s u c c e s s iv e  b re e d in g  seaso n s  (H anks, u n p u b lis h e d ) . Eggs i n  th e  c a p su le s  
p ro d u ced  d u r in g  th e  second  b re e d in g  se a so n , when no m ating  c o u ld  have 
o c c u r re d , d ev e lo p ed  n o rm a lly  to  m etam orphosed a n im a ls . Thus i t  seems 
p ro b a b le  t h a t  sperm  re c e iv e d  i n  th e  f i r s t  se a so n  w ere r e t a i n e d  i n  th e  
fem ale  and s e rv e d  to  f e r t i l i z e  th e  ova d e p o s ite d  i n  c a p su le s  d u r in g  th e  
second  b re e d in g  s e a s o n . I t  i s  th e r e f o r e  p o s s ib le  t h a t  a  s im i l a r  o v e r ­
w in te r  r e t e n t i o n  o f  v ia b le  sperm  b y  fem ales o c c u rre d  i n  th e  la b o r a to r y  
p o p u la t io n  o f  P . d u p l i c a tu s .
I t  has b een  e s ta b lis h e d  f o r  the  o y s te r ,  C ra sso s tre a  v i r g in ic a  
(G m elin), t h a t  th e re  i s  a p e r io d  a f t e r  the  summer spawning seaso n  in  
w hich unspawned ova o r sperm a re  re so rb e d . The gonad th en  e n te r s  an 
i n d i f f e r e n t  s ta g e  (Loosanoff 19b2). During th i s  s tag e  o f i n d i f f e r e n t  
sex  c e l l s ,  spawning cannot be induced  even i f  th e  o y s te r  i s  warmed to  
normal summer w a te r te m p e ra tu re s . This l a t e n t  p e r io d  fo r  o y s te r s  i n  
so u th e rn  New England i s  from th e  end of the  spawning sea so n  i n  Sep­
tem ber u n t i l  December o r  Jan u a ry . By th a t  tim e , o y s te rs  can be taken  
in to  th e  la b o ra to ry  and, a f t e r  c o n d itio n in g  to  norm al summer w a te r  
te m p e ra tu re s , w i l l  develop " r ip e ” gonads. They can th e n  be induced  to  
spawn. Under n a tu ra l  c o n d itio n s , new gonad t i s s u e  s t a r t s  to  form a t  th e  
end o f the  i n d i f f e r e n t  p e rio d  i n  O ctober. This developm ent i s  o f  s h o r t  
d u ra t io n , however, as i t  ceases w ith  the  o n se t o f  co ld  w in te r  w ea th e r. 
The gonad developm ent commences ag a in  in  th e  e a r ly  sp rin g  when th e  
w a te r tem p era tu re  beg ins to  approach 10° C. Development co n tin u es  and 
th e  o y s te rs  a t t a i n  " r ip e "  gonads, in  c o n d itio n  fo r  spawning, sometime 
i n  Ju n e .
I n  o rd e r  t o  d e te rm in e  th e  c o n d i t io n  o f  th e  t e s t e s  and o v a r ie s  o f
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P . d u p lic a te s  du rin g  th e  p e rio d  a f t e r  the  summer spawning and th ro u g h ­
o u t the  c o ld e r months o f  the y e a r , d r i l l s  were s a c r i f i c e d  a t  fo u r 
d i f f e r e n t  w ater tem p era tu res  (1 5 °, 10°, 5 ° , and 2° C .) below th o se  o f 
normal spawning. Smear p re p a ra t io n s  o f  th e  gonad t i s s u e  were made. 
M icroscopic exam ination  o f th e se  smears showed th a t  sperm and ova were 
p re s e n t  a t  a l l  months o f  th e  y e a r . Thus, i n  term s o f  th e  p resence  o f 
gam etes, i t  d id  n o t appear t h a t  an in d i f f e r e n t  p e r io d  o f gonad develop ­
ment o ccu rred . P . d u p lic a tu s , th e re fo re ,  appeared to  be i n  " r ip e "  
rep ro d u c tiv e  c o n d itio n  a t  a l l  tim es o f the  y e a r even though no m ating 
occu rred  a t  low w ater tem p era tu res  under f i e l d  c o n d it io n s .
A few P . d u p lic a tu s  were removed from th e  ho ld ing  tanks from tim e 
to  tim e a f t e r  th e  w a ter tem peratu re  was low er th an  lj?° C. These d r i l l s  
were p laced  in  a spawning tank  in  which th e  w a ter tem pera tu re  was 
r a is e d  to  betw een 18° and 20° C. over a ?2-hour p e r io d . D r i l l s  t r e a te d  
i n  th i s  manner became a c tiv e  and fed  on m ussels w ith in  12 to  2l) hours 
a f t e r  exposure to  tem peratu res  above l£ °  C. A fte r  10 to  12 days a t  a 
w ater tem peratu re  o f 18° to  20° C ., th e se  d r i l l s  began to  produce egg 
c o l l a r s . This was tru e  fo r  d r i l l s  moved from tanks where th e  w a ter 
tem peratu re  was as low as 2° C. Erom th i s  ev id en ce , i t  appears th a t  
tem peratu re  i s  a t  l e a s t  the  p rim ary  stim u lu s  c o n tro l l in g  b reed ing  and 
p ro d u c tio n  o f  egg c o l la r s ,  s in c e  the  gonads o f b o th  m ales and fem ales 
a re  i n  c o n d itio n  to  produce m ature gametes th roughou t the  l a t e  f a l l ,  
w in te r , and e a r ly  sp r in g  m onths.
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B. Development o f Eggs and Larvae W ith in  th e  Egg C o lla r  and R elease
o f  Larvae from the  C o lla r
P . d u p lic a tu s  i s  th e  more abundant o f  th e  th re e  sp e c ie s  s tu d ie d  
in  the  re g io n  o f Cape Cod, M assach u se tts . I t  does n o t occur in  
Canadian w aters  and th e re fo re  has n o t been d iscu ssed  to  any e x te n t  in  
re p o r ts  o r ig in a tin g  from th a t  a re a . G ig l io l i  (1955) has g iv en  a  b r i e f  
d e s c r ip t io n  o f  the egg c o l la r  o f P . d u p lic a tu s  on the  b a s is  o f  p re se rv ed  
specim ens. Some d e ta i l s  o f the  development o f  eggs and la rv a e  o f  P. 
heros and p . t r i s e r i a t a  have a lso  been d iscu ssed  by G ig l io l i  (191)9,
1952, 1955). Because o f t h i s ,  more emphasis was p laced  on th e  s tu d y  o f  
the  developm ental s tag e s  of P . d u p lic a tu s  th a n  on the  o th e r  two s p e c ie s . 
However, a l l  th re e  sp ec ie s  were s tu d ie d  under s im ila r  environm ental 
c o n d itio n s , and com parative d a ta  were o b ta in ed .
C o lla rs  recovered  from the spawning tank  were p laced  i n  p l a s t i c  
c o n ta in e r s . These were f i l l e d  w ith  runn ing  sea  w ater o r  f i l t e r e d  sea  
w a te r , changed d a i ly ,  depending on w hether o r not th e  i%rater had to  be 
h eated  to  m a in ta in  a tem peratu re  s u f f i c i e n t ly  h igh  fo r eggs and la rv a e  
to  develop . By c u tt in g  away a w -inch p o r tio n  o f  the  w id th  o f a  s in g le  
c o l la r  a t  f re q u e n t in te r v a l s ,  i t  was p o ss ib le  to  fo llow  the developm ent 
o f  eggs to  la rv a e  and o f  la rv a e  to  the  time o f th e i r  r e le a s e  from th e  
c o l l a r .
A m a jo rity  o f  th e  c o l la r s  were c o lle c te d  from th e  spawning tank  
betw een 8:00 and 8:30 A.M. A f i n a l  o b se rv a tio n  o f  the  spawning tan k  
was made each evening during  th i s  p o r t io n  o f  the  s t r d y .  Thus the  bu lk  
o f  th e  c o l la r s  were produced sometime d u rin g  the  n ig h t and could  have 
been formed no more th an  12 hours p r io r  to  th e i r  re c o v e ry .
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1 . P o lin ic e s  d u p lic a tu s
A number o f  c o l l a r s  w ere o b ta in e d  a t  th e  tim e  o f  co m p le tio n  by  
th e  fem ale d r i l l  as th e y  w ere pushed  to  th e  s u r fa c e  o f  th e  s a n d . A ll  
such  c o l l a r s  c o n ta in e d  o n ly  u n c leav ed  e g g s .
At th a t  s tag e  o f developm ent, each egg i s  en c lo sed  i n  a capsu le  
o f  c le a r ,  g e la tin o u s  m a te r ia l .  This capsu le  m easures betw een 200 and 
250 m icra  i.n d iam eter and i s  covered by a th in  p e l l i c l e . The eggs are  
opaque, cream co lo red , and g e n e ra lly  s p h e r ic a l  i n  shape . They measure 
betw een 90 and 105 m icra  in  d ia m e te r . The capsu les are  i r r e g u la r ly  
spaced w ith in  the  c o l la r  and a re  a rranged  in  a s tag g e re d  p a t t e r n .  This 
r e s u l t s  i n  a tw o -lay ered  appearance when the  c o l la r  i s  viewed i n  c ro ss  
s e c t io n .  Capsules are  p re se n t r ig h t  up to  th e  a p ic a l  and b a s a l  edges 
o f  th e  c o l l a r .  I n  a l l  cap su les  examined, none was found t h a t  co n ta ined  
more th an  1 egg . Table Ii g ives th e  c a lc u la te d  number o f  eggs fo r  10 
s e p a ra te  c o l la r s  o f  P . d u p l ic a tu s .
O bservations o f th e  development o f  eggs and la rv a e  were made by two 
te c h n iq u e s . f i r s t ,  sm all p o r tio n s  o f  a c o l la r ,  m a in ta in ed  a t  18° to  
20° C ., were removed and examined to  determ ine the  s tag e  o f  developm ent. 
Second, a  number o f  eggs were removed from t h i s  c o l la r  and m ain ta in ed  i n  
a  fin gerbow l o f  sea  w a ter kep t a t  18° to  20° C. By f re q u e n t o b se rv a tio n  
o f th e se  eggs, the  tim e o f  developm ent fo r  v a rio u s  s ta g e s  was de term ined .
The f i r s t  techn ique  proved to  be th e  most s a t i s f a c to r y ,  s in ce  
v e l ig e r  la rv a e  could  be o b ta in e d  on ly  when developm ent was a llow ed to  
tak e  p lace  w ith in  the  c o l l a r .  Eggs removed from th e  c o l la r  developed 
f o r  the  n ex t 12 to  2l| h o u rs . They d id  no t su rv iv e  lo n g e r th a n  t h a t  even 
when f r e s h  changes o f  sea  w a te r were made a t  f re q u e n t i n t e r v a l s . The 
r a t e  o f developm ent o f  the  v a rio u s  s tag e s  was s l i g h t l y  f a s t e r  fo r  the
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eggs removed from  th e  c o l l a r .  I t  seems p ro b ab le  t h a t  t h i s  was due to  
th e  somewhat h ig h e r tem p era tu res  o b ta in ed  when a m icroscope lamp was 
d ire c te d  on th e  fin g erb o w l i n  o rd e r to  observe developm ent o f  the  e g g s .
Table I). Number o f  Eggs Contained i n  
Egg C o lla rs  o f  p . d u p lic a tu s
C o lla r Capsules p e r  s q .  cm. Eggs per 
Capsule
Eggs p e r  
C o lla r ■
1 108 1 Shoo
2 120 1 5700
3 112 1 Ii900
It 92 1 6000rJr 95 1 5600
6 59 Shoo
7 89 1 55oo
8 96 1 5 "DO
9 109 1 6100
10 103 1 5500
Average 101 1 56oo
*  Number o f eggs p e r  c o l la r  c a lc u la te d  on b a s is  o f 
t o t a l  le n g th  and w id th  o f  c o l l a r  and rounded o f f  
to  th e  n e a re s t  100.
Table 5 g iv es  the  average tim e re q u ire d  f o r  th e  development o f  the 
v a rio u s  s ta g e s  as determ ined  by  a number o f o b s e rv a tio n s . The tim es 
l i s t e d  a re  based  on eggs and la rv a e  allow ed to  develop in  the  c o l l a r  w ith  
th e  ex ce p tio n  o f  th e  fo rm atio n  and w ithdraw al o f th e  p o la r  lo b es  which 
had to  be observed  on eggs k e p t under continuous o b s e rv a tio n . Because 
the tim e o f f e r t i l i z a t i o n  cou ld  no t be determ ined , th e  tim e o f develop­
ment i s  ta k e n  from the  fo rm atio n  o f th e  f i r s t  p o la r  lo b e .
P o la r  b o d ie s  were observed  on some eggs p r io r  to  and ju s t  a f t e r  th e
f i r s t  c leav ag e . However, th ey  were no t seen  r o u t in e ly  nor on a  
s u f f i c i e n t  number o f  eggs to  make i t  p o s s ib le  to  determ ine the  tim e o f
t h e i r  ap p ea ran ce . A ll develop ing  eggs and la rv a e  were a t  abou t th e  same
s ta g e  o f  developm ent in  th e  s e c tio n s  o f  c o l la r s  t h a t  were removed. T h i s .
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su g g ested  a r e l a t i v e ly  synchronous r a te  o f  developm ent fo r  eggs 
p re s e n t  i n  any one c o l l a r .
Table 5 .  Time o f Development o f Egg and L arv a l 
S tages o f  P. d u p lic a tu s  i n  Egg C o lla rs  
M ain tained  a t  a  M ater Tem perature o f 
18° to  20° C.
S tage Time o f Development
Form ation o f 1 s t  p o la r  lo b e  Zero tim e
S p h e ric a l egg; 1 s t  p o la r  lobe
withdraw n 1 h r . 15 m in.
F i r s t  c leavage - 2 c e l l s •3s h r s . 15 m in.
Second p o la r  lobe formed 3 h r s . I4O m in.
Second p o la r  lobe w ithdraw n I) h r s . 5 m in.
Second cleavage -  I; c e l l s 6 h r s . 1*5 m in.
T h ird  cleavage - 8 c e l l s 9 h r s . 20 m in.
Fourth cleavage -  16 c e l l s 12 h r s . 35 m in.
C il ia te d ,  m o tile  trochophore 26 h r s .
S h e lle d  v e l ig e r 2 to  3 days
V e lig e r  re le a s e d  from c o l la r 10 to  12 days
M inutes a re  rounded o f f  to  the  n e a re s t  5-m inute p e r io d .
From about ?.h hours to  2 days, the  la rv a e  were c i l i a t e d  trochophores 
tu rn in g  s low ly  w ith in  th e  c a p su le . This was follow ed by the  v e l ig e r  
la rv a e  w ith  a tr a n s p a re n t  s h e l l .  The v e l ig e r s  rem ained 7 to  10 days in  
th e  c o l l a r ,  showing on ly  s l i g h t  m easureable growth (a  t o t a l  in c re a se  o f 
about 15 m icra  i n  s h e l l  l e n g t h ) .
2 . P o lin ic e s  heros
O bservations o f th e  developm ent o f  t h i s  sp ec ie s  were made on eggs 
and la rv a e  from a number of c o l la r s  which were produced i n  th e  la b o ra to ry  
S ince most o f the  d a ta  on developm ent were s im ila r  to  t h a t  f o r  P . d u p l i - 
c a tu s , on ly  th o se  p o in ts  o f d i s t i n c t  d if fe re n c e  w i l l  be m entioned .
The eggs o f  P . heros measure betw een 95 and 110 m icra  i n  d iam eter 
and a re  g e n e ra l ly  s p h e r ic a l  i n  sh ap e . They a re  opaque and lig h t-y e llo v r  
to  cream i n  c o lo r .  The eggs a re  con ta in ed  w ith in  a  capsu le  o f g e la tin o u s
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m a te r ia l  enclosed  i n  a th in  p e l l i c l e . The capsu le  i s  s p h e r ic a l  in  
shape and measures betw een 725 and 800 m icra in  d ia m e te r . I n  sharp  
c o n tra s t  w ith  P . d u p lic a tu s  and P . t r i s e r i a t a , each capsu le  co n ta in s  
a la rg e  number o f  e g g s . Counts o f  the number o f  eggs p e r  capsu le  
were made on p o r tio n s  o f  20 c o l la r s  o f P . h e ro s . Table 6 shows the  
number o f  eggs p e r c ap su le , which may v a ry  from 21 to  1)8, as w e ll as 
th e  c a lc u la te d  number o f  eggs co n ta in ed  in  c o l la r s  o f t h i s  s p e c ie s .
I n  view o f  th e  la rg e  number o f  eggs t h a t  o ccu r i n  each  c a p s u le ,  
i t  seemed p e r t i n e n t  to  d e te rm in e ’w h eth er a l l  o f  th e se  eggs developed  
to  v e l ig e r  la rv a e  o r  i f  some o f  th e  eggs p r e s e n t  were n u rse  e g g s . The 
p re se n c e  and f u n c t io n  o f  n u rse  eggs have been  d e s c r ib e d  f o r  th e  egg 
cases  o f  o th e r  p ro so b ran ch es  such  as Buccinum undatum l in n e  (Portm ann 
1925, 1926). For s p e c ie s  i n  the  fa m ily  N a tic id a e ,  how ever, n u rse  eggs 
a re  r e p o r te d  to  o ccu r o n ly  i n  th e  c a p su le s  o f  egg c o l l a r s  o f  N a tic a 
c a te n a  (da C o s ta ) , an e a s te r n  A t la n t ic  s p e c ie s  found from  th e  N orth  Sea 
to  th e  M ed ite rran ean  ( G ig l i o l i  1955). Ankel (1930) has d e s c r ib e d  th e  
n u rse -e g g  fe e d in g  fo r  t h i s  s p e c ie s .  Only a few o f  th e  eggs d ev e lo p  to  
v e l i g e r  l a r v a e .  The rem a in d er o f  th e  eggs cease  developm ent a f t e r  u n d e r­
going  a ty p ic a l  c leav ag e  and a re  f e d  upon by  th e  few la rv a e  t h a t  do 
develop  to  v e l i g e r s .
Tbr th o se  in v e r t e b r a t e s  known to  have n u rse  eg g s , th e  number o f  
eggs p e r  c a p su le  v a r ie s  somewhat w ith  d i f f e r e n t  env ironm ents  (T horson  
191)6). S in c e , i n  a l l  case s  known, th e  n u rse  eggs a re  consumed p r i o r  to  
th e  h a tc h in g  o f  a  p e la g ic  l a r v a l  s ta g e ,  T horson  f u r th e r  c o n s id e rs  th e  
p re se n c e  o f  n u rse  eggs to  be o f  c o n s id e ra b le  e c o lo g ic a l  s ig n i f i c a n c e .
He su g g e s ts  t h a t  th e  number o f  eggs p r e s e n t  w i l l  be d i r e c t l y  r e l a t e d  to  
th e  le n g th  o f  tim e t h a t  la rv a e  w i l l  rem a in  w i th in  th e  egg c a p s u le s .
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Table 6 . The Number o f  Eggs C ontained
i n  Egg C o lla rs  o f  P . heros
to l i a r Capsules Eggs p e r Capsules p e r Eggs p e r
p e r sq . cm Capsule C o lla r C o lla r  *
( average
o f  5 cap su les)
1 91 1)7 31)00 159,800
2 81) .33 1)900 161,700
3 89 21 6900 11)1), 900
b 105 22 8700 191,1)00
5 93 1)2 5900 21)7,800
6 100 36 71)00 266,1)00
7 100 28 7600 212,800
8 92 39 2900 113,100
9 87 37 6700 21)7,900
10 91 33 1)800 158,1)00
11 103 27 3500 91), 500
12 97 29 8200 237,800
13 87 1)3 5600 21)0,800
111 85 30 7900 237,000
13 96 1)8 8100 388,800
16 83 21) 5700 136,800
17 97 21 7200 151,200
18 92 1)5 5800 261,000
T O 102 25 8000 200,000
20 93 1)1 3900 359,900
.verage 9b 31) 6200 200,600
Number o f  capsu les and eggs p e r  c o l l a r  c a lc u la te d  
from t o t a l  le n g th  and w idth  o f  c o l la r  and rounded 
o f f  to  n e a re s t  100.
In  o rd er to  determ ine w hether o r no t nurse eggs were p re s e n t  in  egg 
cap su les  o f  P . heros , a sm all p o r t io n  o f  each o f  f iv e  r e c e n t ly  produced 
c o l la r s  was i s o la te d  in  a  p l a s t i c  c o n ta in e r  w ith  f i l t e r e d  sea  w a te r .
The c o n ta in e rs  were p la ce d  i n  a w a ter b a th  to  m a in ta in  th e  tem peratu re  
a t  18° to  20° C. and th e  sea  w ater was changed each day . Each p ie c e  o f 
c o l la r  con ta in ed  betw een 30 and 50 c a p su le s . Capsules observed a t  the  
s t a r t  o f  the  experim ent con ta in ed  o n ly  uncleaved  e g g s .
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A few cap su le s  were removed d a i ly  from each o f  th e  f iv e  p ie c e s  o f  
c o l la r  and examined w ith  a compound m icroscope . Development was 
folLowed u n t i l  swimming v e l ig e r  la rv a e  were p re s e n t .  In  no in s ta n c e  
was th e re  any ap p aren t d if f e re n c e  i n  th e  s tag e  o f  developm ent among 
th e  s e v e ra l  eggs w ith in  a  s in g le  c a p su le . While cleavage s ta g e s  were 
p re s e n t ,  a l l  embryos were in  a c lo se  range o f  s ta g e s . As developm ent 
p ro g ressed  to  th e  trochophore s ta g e ,  th e  e a r l i e r  c leavage s ta g e s  were 
no lo n g er observed i n  th e  same c a p s u le s . When the  la rv a e  had developed 
to  s h e lle d  v e l ig e r s ,  th e  rem aining cap su les  were examined and no 
e a r l i e r  s tag e s  o f  development could  be fo u n d . I t  was th e re fo re  con­
cluded  th a t  nurse eggs do no t occur 'w ith in  th e  egg cap su les  o f  P . h e ro s , 
as evidenced by the  la ck  of any c leav in g  eggs i n  cap su les  which 
con tained  the  c i l i a t e d  trochophore s t a g e . S ince t h i s  i s  a p re fe ed in g  
s ta g e , nurse eggs would have had to  be p re s e n t  in  such cap su le s  i f  th e y  
.were to  be a v a ila b le  as food; f o r  th e  v e l i g e r s .
The development o f eggs o f  t h i s  sp e c ie s  to  th e  s h e l le d  v e l ig e r  
s tag e  was s im ila r  to  t h a t  o f  P . d u p lic a tu s  b o th  as to  s ta g e s  and len g th  
o f  tim e . The i n i t i a l  s h e l l  o f  th e  v e l ig e r  i s  c o lo r le s s  and t r a n s p a re n t .  
L a te r , the  s h e l l  tak es  on a ye llow ish-brow n c o lo r , b u t  r e ta in s  i t s  
tra n sp a ren c y .
Although th e  time o f developm ent o f  the  v a rio u s  s tag e s  was about 
th e  same as t h a t  fo r  P . d u p l ic a tu s , th e  t o t a l  average tim e o f  development 
to  re le a s e  o f  la rv a e  from th e  c o l la r  was somewhat le s s  fo r  P . heros 
th an  fo r P . d u p l ic a tu s . At a w a te r tem peratu re  of 18° to  20° C ., the  
tim e o f developm ent to  r e le a s e  f o r  P . heros was 8 to  10 days as compared 
w ith  10 to  12 days f o r  P . d u p l ic a tu s . S ince th e se  d a ta  were no t 
o b ta in ed  from sim ultaneous ex p erim en ts , i t  seems p robab le  t h a t  t h i s  i s
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no t a  s ig n i f i c a n t  a i f f e re n c e  between th e se  two s p e c ie s .
3 .  P o lirn c e s  t r i s e r i a t a
Three c o l la r s  were produced by  th e  d r i l l s  m ain ta ined  i n  la b o ra to ry  
ta n k s . Each c o l l a r  was i s o la te d  i n  a  p l a s t i c  c o n ta in e r  w ith  running  
s e a  w a te r a t  a  tem pera tu re  o f  13° to  20* C. Sm all p o r tio n s  o f  each 
c o l la r  were removed from time to  tim e and broken a p a r t  to  r e le a s e  th e  
egg cap su le s  i n  o rd e r  to  determ ine th e  s tag e  o f  developm ent o f  eggs 
o r  l a r v a e .
Two o f  the  c o l la r s  c o lle c te d  i n  th e  v i c i n i t y  o f  S t .  Andrews,
New Brunswick were re tu rn e d  s u c c e s s fu l ly  to  the  la b o ra to ry  a t  W .H.O.I. 
These were a lso  k e p t  i n  warmed, runn ing  sea w a te r  fo r  o b se rv a tio n  o f  
th e  developm ent o f  l a r v a e . This made i t  p o s s ib le  to  o b ta in  compara­
t iv e  d a ta  fo r  f i e l d  and la b o ra to ry  produced c o l l a r s .  When f i r s t  
observed , the  developm ent o f  la rv a e  i n  th e  S t .  Andrews c o l la r s  had 
reached  the  v e l ig e r  s ta g e .
C o lla rs  reco v ered  from the spawning tank  w ith in  12 hours a f t e r  
b e in g  formed a l l  co n ta in ed  uncleaved e g g s . They were yellow  i n  c o lo r  
and m easured betw een 325 and 350 m icra  i n  d iam e te r . Each egg i s  
surrounded by a f irm , g e la tin o u s  m a te r ia l  which becomes more f lu id  as 
developm ent p ro g re s s e s . This i s  covered by a th in  p e l l i c l e . The 
cap su les  measure betw een 350 to  1030 m icra , co n sid e rab ly  la r g e r  than  
th e  cap su le s  o f  th e  o th e r  two s p e c ie s .  Because o f  t h e i r  la rg e  s iz e ,  
each capsu le  i s  d i s t i n c t l y  v is ib le  i n  th e  c o l la r  and bulges somewhat 
from th e  su rfa ce  o f  th e  c o l l a r ,  which p re s e n ts  a  bumpy appearance . 
Capsules a re  no t p re s e n t  to  the very  edge o f  th e  a p ic a l  and b a s a l  rim  
o f  the  c o l l a r  as th e y  a re  i n  c o l la r s  o f  th e  o th e r  two s p e c ie s .
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G ig l io l i  (19b,9) has observed 2 eggs i n  a s in g le  capsu le  o f P. 
t r i s e r i a t a  on a few occasions and S tin so n  (19i|6) re p o r ts  r a re  in s ta n c e s  
o f  3 eggs being p re se n t in  a s in g le  c ap su le . However, in  a l l  o f the  
cap su les  examined by the au th o r on ly  one egg was p re s e n t i n  each 
cap su le . Table 7 shows the  number o f  eggs co n ta in ed  i n  c o l la r s  o f  P . 
t r i s e r i a t a .
Table ?• The Number o f  Eggs Contained 
in  Egg C o lla rs  o f P o lin ic e s  
t r i s e r i a t a
C o lla r  C apsules Eggs p e r Eggs p e r
p e r s q . cm• cap su le c o l l a r
1 36 1 720
2 55 1 itOb
3 Lu 1 736
I 33 1 529
5 38 1 561
6 ** 36 1 396
7 32 1 387
8 U; 1 9 28
Average 38 1 570
Number o f eggs p e r c o l la r  c a lc u la te d  on the  
b a s is  o f  t o t a l  le n g th  and w id th  o f c o l l a r .
Form alin p reserv ed  specimens c o lle c te d  near 
S t .  Andrews. New Brunswick.
The sm all number o f c o l la r s  a v a ila b le  fo r  s tu d y  made i t  n ecessary  
to  r e t a in  most o f the  capsu les fo r  th e  purpose o f o b ta in in g  m eta­
morphosed d r i l l s . C onsequently, i t  was n o t d e s ir a b le  to  s a c r i f i c e  
many o f th e  developing eggs i n  o rd er to  determ ine th e  time o f 
developm ent o f the  cleavage s t a g e s . The o b se rv a tio n s  th a t  were made 
in d ic a te d  t h a t  cleavage to  the  I)- c e l l  and 8 - c e l l  s tag e  was com pleted 
w ith in  2l| hours a f t e r  the  c o l la r s  were c o l le c te d .  This g ives 
som ething o f th e  o rd e r o f 36 hours from th e  tim e o f  fo rm atio n  o f  th e
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c o l l a r .  A c i l i a t e d  trochophore  was p re s e n t  by 72 h o u rs . This i s  a 
m o tile  s ta g e ,  tu rn in g  slow ly  w ith in  the  c ap su le . Development from 
t h i s  p o in t  i s  r e l a t i v e ly  slow . S h e lle d  v e l ig e r  la rv a e  were n o t 
observed i n  any o f th e  c o l la r s  b e fo re  11 to  1$ d ay s. These la rv a e  
measured between kSO and 500 m icra  in  s h e l l  h e ig h t .  They were m o tile  
and r o ta te d  w ith in  th e  capsu le  by a c t io n  o f  the  c i l i a t e d  velum .
V e lig e r  la rv ae  removed from th e  capsu le  a t  t h i s  tim e were ab le  to  
swim a c t iv e ly  i n  th e  sea  w a te r . They su rv iv ed  on ly  12 to  2i\ hours , 
even though th ey  -were p rov ided  w ith  m oderate amounts o f a lgae  f o r  food.
The v e l ig e r s  rem ained w ith in  the  capsu le  fo r  a p e rio d  o f  lj to  5 
weeks, in c re a s in g  in  s iz e  to  betw een 700 and 800 m icra in  s h e l l  h e ig h t .  
The l a r v a l  s h e l l ,  a t  f i r s t  c o lo r le s s  and t r a n s p a r e n t ,  s low ly  developed 
a ro se  co lo r  which l a t e r  changed to  a dark redd ish -b row n. As th e  
la rv a e  grew, the  ty p ic a l  d e x tr a l  asymmetry o f  th e  a d u lt s h e l l  was 
assumed. This could f i r s t  be observed a t  a s iz e  o f  600 to  700 m icra , 
when l / 2  to  2 /3 rd s  o f  a w horl was p re s e n t .
Metamorphosis was not observed . I t  occu rred  a f t e r  7 to  8 weeks 
and a t  a s iz e  o f 800 to  900 m ic ra . Metamorphosed d r i l l s  rem ained 
w ith in  the c o l la r  fo r  an o th er 1 to  2 weeks u n til , they  were re le a s e d  by  
th e  c o l la r  d i s in te g r a t in g .  Such d r i l l s  measured 0 .9  to  1 .0  mm. in  
s h e l l  h e ig h t and possessed  a w e ll developed fo o t .  Uhen p laced  on a sand 
substra tum , th ey  burrowed ben ea th  th e  su rfa ce  and craw led a c t iv e ly  about 
th e  c o n ta in e r .
Table 8 shows the  tim e o f developm ent fo r  the v a rio u s  s ta g e s  o f  
P . t r i s e r i a t a  observed i n  the  5 c o l la r s  s tu d ie d .
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Table 8 . Time o f  Development (Days) o f Egg 
and L arv a l S tages o f  P . t r i s e r i a t a  
a t  18° to  20° C.
Source Cleavage C il ia te d  C o lo rle ss  Pigmented M eta-
S tages Embryo V e lig e r  V e lig e r  morphosed
D r i l l
S t .  Andrews — — — 12 61
S t .  Andrews — — 17 ItO 67
W .H .O .I. 1 to  2 6 lit 31 57
W .H.O.I. 2 7 11 29 51
W .H .O .I. 1 5 15 36 59
R elease  o f  V e lig e r  I arvae from Egg C o lla rs
The re le a s e  o f  v e l ig e r  la rv a e  from egg c o l la r s  o f  P . d u p lic a tu s  and 
P . heros was observ ed . A lthough no d if fe re n c e s  i n  the  p ro cess  were noted  
fo r  th e se  two s p e c ie s , th e  d a ta  on l a r v a l  re le a s e  re p o rte d  h ere  i s  fo r  
P. d u p l ic a tu s .
The v e l ig e r s  rem ained w ith in  th e  c o l la r  u n t i l  th ey  were re le a s e d  by 
th e  c o l l a r  d i s in te g r a t in g .  C o lla rs  m ain ta ined  a t  18° to  20° C. s t a r t e d  
to  d i s in te g r a te  a f t e r  a p e r io d  o f 10 to  12 days by  a so f te n in g  o f  the  
g e la tin o u s  m a trix  which b in d s  the  sand g r a in s . The c o l la r  lo s e s  i t s  
c h a r a c te r i s t i c  shape as the  b a sa l rim  b eg in s  to  s e t t l e  on th e  su b stra tu m , 
and f i n a l l y  th e  whole c o l la r  f l a t t e n s  o u t on th e  su b stra tu m . The sand 
g ra in s  i n  th e  m a tr ix  a re  th u s  loosened  and the la rv a e  swim o u t o f th e  
c o l l a r .  When the  re le a s e  o f  la rv a e  i s  com plete, only th e  a p ic a l  rim  o f 
th e  c o l l a r  re m a in s . Under la b o ra to ry  c o n d itio n s  i t  took  from L) to  8 hours 
fo r  a  c o l l a r  to  d is in te g r a te  com ple te ly . I n  the  f i e ld ,  where t i d a l  
c u rre n ts  and wind induced waves a re  p re s e n t ,  c o l la r s  were observed  to  
d i s in te g r a te  i n  as s h o r t  a  p e rio d  as 2 h o u rs . However, when wind 
co n d itio n s  are  m oderate, c o l la r s  on the  t i d a l  f l a t s  d id  n o t com pletely  
d is in te g r a te  u n t i l  th ey  had been  exposed to  two p e rio d s  o f f lo o d  t i d e .
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T his was determ ined by marking c o l la r s  w ith  sm all s tak e s  j u s t  as th ey  
were s t a r t i n g  to  f l a t t e n  a long th e  b a s a l  rim  and observ ing  them a t  
in te r v a l s  over two t i d a l  c y c le s . I t  seems p robab le  t h a t  c o l la r s  
produced s u b t id a l ly  would re q u ire  some in te rm e d ia te  le n g th  o f  tim e 
betw een 2 and It hours to  com plete ly  d is in te g r a te  and re le a s e  th e i r  
l a r v a e .
A number o f  experim ents were conducted to  determ ine w hether the  
p resence  o f l iv in g  la rv a e  w ith in  a c o l l a r  in flu e n c e d  the  le n g th  o f  tim e 
fo r  th e  c o l l a r  to  d i s i n t e g r a t e . Eggs and la rv a e  'were k i l l e d  i n  the  
c o l l a r  by d ip p in g  i t  fo r 30 seconds i n  a f re sn -w a te r  b a th  heated  to  
125° ? .  The c o l la r s  were th en  re tu rn e d  to  sea  w ater a t  18° to  20° C ., 
b u t th e y  s t i l l  re q u ire d  the  u su a l 10 to  12 bays to  reach  th e  p o in t o f 
d is in te g r a t in g .  O bservations on eggs and la rv a e  so t r e a te d  showed th a t  
th ey  had a l l  been  k i l l e d  and had s ta r te d  to  decompose. There was no 
d if fe re n c e  i n  the  t o t a l  p e rio d  o f  time fo r  the  c o l la r  to  d is in te g ra te  
re g a rd le s s  o f  w hether the  eggs and la rv a e  were k i l l e d  as soon as the 
c o l la r  was reco v ered  o r a t  some p e rio d  during  th e  normal development 
p r io r  to  th e  d i s in te g r a t io n .  Thus i t  was concluded t h a t  th e  p resence 
o f  l iv in g  la rv a e  had no b e a rin g  on th e  d i s in te g r a t io n  o f  the  c o l l a r .
S ince i t  was not p o s s ib le  to  remove eggs o r la rv a e  from c o l l a r s , i t  
cannot be s a id  w hether t h e i r  p resence  in  the c o l l a r ,  even though dead, 
had an e f f e c t  on th e  d is in te g r a t io n  p ro c e s s . The decom position p ro d u c ts  
may p la y  some ro le  i n  in f lu e n c in g  d is in te g r a t io n ,  b u t th i s  would no t be 
s ig n i f ic a n t  to  the  n a tu ra l  p ro c e ss .
These o b se rv a tio n s  and experim ents on the  d is in te g r a t io n  o f egg 
c o l la r s  in d ic a te  th a t  i t  i s  a p ro cess  independent o f la r v a l  developm ent. 
This i s  i n  d isagreem ent w ith  the o p in io n  o f  G ig l io l i  (19li9j 1955) th a t
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th e  la rv a e  a re  re sp o n s ib le  fo r  the  d i s in te g r a t io n  o f th e  c o l l a r .  While 
h is  o b se rv a tio n s  in d ic a te d  th a t  t h i s  p o s s i b i l i t y  e x is te d ,  he o f fe re d  no 
ex p erim en ta l d a ta  to  su p p o rt such a  c o n c lu s io n .
5. E f fe c t  o f Low Tem perature on Development
Since egg c o l la r s  o f P . d u p lic a tu s  were produced i n  th e  la b o ra to ry  
a t  w a te r tem peratu res  down to  6° C ., i t  was o f  i n t e r e s t  to  determ ine th e  
f a te  o f  eggs produced and m ain ta ined  a t  tem p era tu res  low er th an  those o f 
the  summer b reed ing  p e r io d .
Experim ents were f i r s t  conducted to  determ ine i f  eggs produced a t  
tem pera tu res lower th an  18° C. were v ia b le  and would develop norm ally . 
C o lla rs  produced by d r i l l s  l iv in g  a t  w ater tem p era tu res  o f  6° C ., 7*5° C., 
9 .9° C ., 11.7° C ., and ll**8° C. were i s o la te d  i n  c o n ta in e rs  o f sea  w a te r 
a t  th e  same te m p e ra tu re . The c o n ta in e rs  were th e n  p laced  on rack s  on 
the  w ater ta b le  a t  room te m p e ra tu re . Thus the tem peratu re  o f  the  sea  
w ater in  th e  c o n ta in e rs  in c re a se d  s low ly  over a p e rio d  o f 8 hours a f t e r  
which the  c o n ta in e r was p laced  in  a w ater b a th  s e t  a t  20° C.
Eggs i n  c o l la r s  from a l l  i n i t i a l  tem pera tu re  le v e ls  developed 
norm ally and completed developm ent to  the  r e le a s e  o f  swimming v e l ig e r  
l a r v a e . Wo abnormal development was observed  a t  any s tag e  and th e re  
was no ap p aren t m o r ta l i ty  o f  eggs o r la rv a e  w ith in  th e  c o l l a r s .
I t  th e re fo re  appeared th a t  egg c o l la r s  produced a t  a l l  tem p era tu res  
down to  and in c lu d in g  6° C. con tained  eggs which would develop norm ally  
i f  m a in ta ined  a t  a summer w ater te m p e ra tu re .
W ith t h i s  e s ta b l is h e d , o th e r  experim ents were conducted in  which 
egg c o l la r s  produced a t  low w ater tem p era tu res  were m ain ta in ed  a t  the  
same tem peratu res i n  o rd e r to  determ ine i f  th e  eggs would develop .
Eggs i n  two c o l la r s  produced and m ain ta in ed  a t  15.2° C. developed
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somewhat slow er th a n  eggs k ep t a t  18° to  20° G. The s h e lle d  v e l ig e r  
s ta g e  was n o t observed b e fo re  6 days, which was tw ice  the  tim e o f  
development a t  18° to  20° C. E igh t days l a t e r  th e se  la rv a e  were 
re le a s e d  from the c o l l a r .  T his gave a t o t a l  o f  l l | days f o r  com pletion 
o f  developm ent w ith in  th e  c o l la r  as compared w ith  th e  10 to  12 days 
e s ta b l is h e d  fo r  18° to  20° C. A s in g le  c o l la r  produced and m ain ta in ed  
a t  11 .7° C. re le a s e d  v e l ig e r  la rv a e  a f t e r  17 days o f developm ent. This 
was th e  lo w est w a ter tem pera tu re  a t  which la rv a e  were re le a s e d  from the  
c o l l a r .
One c o l la r  produced a t  a  w ater tem peratu re  o f 9-9° C. and m ain­
ta in e d  a t  t h i s  tem pera tu re  and. below showed eggs i n  l a te  cleavage 
s tag e s  a f t e r  lii d a y s . I n  o rd e r to  determ ine i f  eggs developing  a t  
t h i s  slow r a te  would com plete th e i r  development to  la rv a e ,  the  c o l la r  
xijas cu t i n  h a l f .  One h a l f  was k ep t a t  th e  normal w in te r w ater 
tem peratu re  below 10° C. The o th e r h a l f  was warmed slow ly  to  20° C. 
and k ep t a t  t h i s  te m p e ra tu re . The eggs i n  th e  warmed p o r t io n  o f th e  
c o l la r  developed norm ally  and re le a s e d  v e l ig e r  la rv a e  a f t e r  10 d a y s .
The eggs i n  th e  h a lf  o f  th e  c o l la r  k e p t below 10° C. con tinued  to  
develop slow ly  and had reached  th e  e a r ly  v e l ig e r  s tag e  a f t e r  25 d a y s . 
Continued o b se rv a tio n  fo r  the  nex t 30 days showed th a t  developm ent to  
th e  s h e lle d  v e l ig e r  s tag e  took p lace  and th a t  th e se  la rv a e  were a c tiv e  
w ith in  th e  c ap su le . D uring th i s  p e rio d  o f 55 day’s ,  the  sea  w ater 
tem pera tu re  decreased  from 9*9° C. to  2° C. The c o l l a r  was firm  and 
showed no s ig n  o f  d i s in te g r a t io n .
S ince th e  la rv a e  showed no change during  th e  n ex t 8 days, th e  sea  
w a te r was sh u t o f f  and th e  c o n ta in e r  p laced  on a rack  a t  room tem pera­
tu re  . The c o l la r  re le a s e d  la rv a e  d u rin g  th e  n ig h t and d is in te g r a te d
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
- a -
com pletely  d u rin g  th e  n e x t m orning. The w ater tem pera tu re  a t  th a t  
tim e had reached  i> “ C. Thus, i t  was ap p aren t th a t  th e  low w ater 
tem p era tu re  was p re v e n tin g  th e  re le a s e  o f the  v e l ig e r  l a r v a e .
W hether th e  la rv a e  cou ld  have su rv iv ed  th e  n ex t 2 to  3 months u n t i l  
normal sp r in g  w a te r tem p era tu res  reach  t h i s  l e v e l  was no t de term ined , 
b u t  i t  seems p ro bab le  t h a t  such la rv a e  could no t e x i s t  fo r  t h i s  
le n g th  o f  tim e w ith o u t a lg a l  food .
Erom t h i s  d a ta , i t  appears t h a t  c o lla r 's  produced betw een 10° and 
18° C. and m ain ta in ed  a t  tem pera tu res  i n  t h i s  range w i l l  have normal 
developm ent o f  eggs and l a r v a e . I t  f u r th e r  appears t h a t  c o l la r s  w i l l  
re le a s e  la rv a e  a t  w ater tem peratu res  between 10° and 18° C. even 
though th e  r a te  o f  developm ent i s  c o n s id e ra b ly  slow ed.
At tem p era tu res  betw een 10° and 2° C ., however, developm ent o f 
eggs to  la rv a e  was v e ry  slow and no v e l ig e r  la rv a e  were r e le a s e d  a t  
th e se  tem p era tu res  over a  p e r io d  o f 1 month a f t e r  t h i s  s tag e  had been  
reach ed . This su g g es ts  t h a t ,  even though developm ent o f  la rv a e  to  the 
v e l ig e r  s tag e  could  tak e  p la ce  i n  egg c o l la r s  produced i n  th e  l a t e  
f a l l ,  i t  i s  u n l ik e ly  t h a t  such la rv ae  cou ld  e x i s t  w ith in  th e  c o l l a r  
th ro ughou t th e  w in te r  to  be r e le a s e d  when sp rin g  w ater tem p era tu res  
had r i s e n  above 10° C.
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C. Development o f  P e la g ic  Larvae and Metamorphosis
As soon as swimming v e l ig e r  la rv a e  began to  emerge from the egg 
c o l la r s  i n  th e  h a tch in g  c o n ta in e rs , a sm all amount o f  a lg a l  c u ltu re  
was added to  the  sea  w a te r . This was u s u a lly  i n  th e  amount o f 5>0 to  
100 c c . ,  depending somewhat on the  d e n s ity  o f c e l l s  i n  the  a lg a l  
c u l tu r e .  As a  r u l e ,  s u f f i c i e n t  a lg a l  c u ltu re  was added to  g ive th e  1 
g a llo n  o f  sea  w a te r a  s l i g h t  tin g e  o f th e  c o lo r  o f  th e  a lg a e . This 
was s l i g h t l y  i n  excess o f th e  needs o f  th e  la rv a e  re le a s e d  from a 
s in g le  c o l la r  as evidenced by th e  presence  o f  a lg a l  c e l l s  i n  the  w a ter 
when sampled 2)4 hours l a t e r .  The b u lk  o f th e  la rv a e  were re le a s e d  
w ith in  a  15> to  20-hour p e rio d  a t  18° to  20° C. A fte r a l l  o f  the  
la rv a e  were re le a s e d , th ey  were c o lle c te d  by pouring  th e  c u ltu re  
th rough  a number 100 s ta in le s s  s t e e l  s c re e n . Laivae were th e n  washed 
from th e  s c re e n  in to  a c o n ta in e r  o f f r e s h ly  f i l t e r e d  sea  w a te r which 
had been \'jarmed to  th e  same tem peratu re  as th e  w ater i n  th e  h a tch ing  
c o n ta in e r .  This was done in  o rd e r to  p re v e n t any therm al shock. With 
each  change o f  w a te r , f r e s h  a lg a l  c u ltu re  was added. This p rocedure 
was re p e a te d  a t  2i)-hour in te r v a ls  th roughou t th e  re a r in g  p e r io d . 
A ttem pts to  ex tend  th e  w a ter change to  a l}8-hour i n te r v a l  were no t 
s u c c e s s fu l .  Some c u ltu re s  su rv iv ed  f o r  a week on t h i s  b a s i s ,  b u t 
u l t im a te ly  d ied  o u t .  S ince a e r a t io n  o f  c u ltu re s  d id  not a l t e r  th i s  
m o r ta l i ty ,  i t  appeared th a t  to x ic  m e ta b o lite s  m ight be re sp o n s ib le  
r a th e r  th a n  oxygen d e f ic ie n c y . Whether such m e ta b o lite s  were 
produced by th e  a lg a e , th e  la rv a e ,  th e  b a c te r ia  p re s e n t o r from o th e r  
sources was n o t de term ined .
On re le a s e  from th e  c o l l a r ,  la rv a e  were observed to  have no food 
v i s ib le  i n  the  d ig e s t iv e  t r a c t  as a s c e r ta in e d  by view ing th e  anim al
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th rough  i t s  tra n s p a re n t  s h e l l .  W ith in  30 m inutes a f t e r  adding  a lgae  to  
th e  c u l tu re s ,  th e  d ig e s t iv e  t r a c t s  o f  th e  la rv a e  had ta k en  on the  
p ig m en ta tio n  o f  th e  a lg a l  sp e c ie s  being  used . M icroscopic exam ination  
o f such la rv a e  showed the d ig e s t iv e  t r a c t s  co n ta ined  la rg e  numbers o f  
a lg a l  c e l l s .
I f  no food was added, a l l  la rv a e  d ie d  o f f  w ith in  2k to  bo h o u rs . 
This suggests t h a t  an abundance o f  food must be a v a ila b le  i f  la rv a e  
are  to  su rv ive  the f i r s t  few days a f t e r  r e le a s e ,  and th a t  th e  w ater 
p ass in g  through the  la b o ra to ry  sea  w a ter system d id  n o t c o n ta in  
s u f f i c i e n t  a lg a l  food to  m eet the  needs o f  th e  l a r v a e . This i s  
supported  by the f a c t  t h a t  r e c e n t ly  metamorphosed auahogs, M. mercen-  
a r i a ,  k ep t i n  running sea  w ater a t  vJ.H.O.I. do no t show any growth 
over long p e rio d s  o f tim e (T urner, p e rso n a l com m unication).
W ith in  1)8 h o u rs , growth o f the  la rv a e  could  be observed  as new 
s h e l l  d ep o sited  along the  l i p  o f th e  a p e r tu r e . S h e ll  growth was n o t 
continuous b u t w ith  a number o f d i s t i n c t  increm ents i n  a manner s im ila r  
to  the growth l in e s  on pelecypod m o liu sk s . In d iv id u a l increm ents were 
too sm all to  m easure. However, measurements made on la rv a e  from a 
number o f  d i f f e r e n t  c u ltu re s  in d ic a te d  an in c re a se  o f  approx im ately  3 
to  5 m icra  o f  s h e l l  over a li-day growth p e r io d .
Kewly emerged la rv a e  lack  th e  s p ire  on th e  s h e l l  th a t  i s  ty p ic a l  
o f  th e  a d u l t s .  The s p ire  could be d is t in g u is h e d  o n ly  a f t e r  7 to  10 
days o f  .growth had o ccu rred , a t  which tim e the  l a r v a l  s h e l l  assumed the  
a e x t r a l  p a t te r n  o f  the  a d u l t .
During th e  summer and f a l l  o f  1957, the  a lg a l  sp e c ie s  Phaeodactylum 
tricornuturn 2 /  was used as th e  food fo r  th e  la rv a e  o f  P . d u p lic a tu s  and P.
I / ' This a lg a  was fo rm erly  co n sidered  to  be the diatom , N itz ch ia  c lo s -  
■" te riu m  forma m irrutissim a, b u t has r e c e n t ly  been removed from t h i s  
group and g iven  an undeterm ined sy s tem a tic  p o s i t io n  w ith in  the  
Chrysophyta (Hendey 195b; Lewin, J-C - 1958).
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h e r o s . T h is  a lg a  had b een  u se d  p r e v io u s ly  to  r e a r  la rv a e  th ro u g h  to  
m etam orphosis f o r  th e  quahog, M. m e rc e n a r ia , (T u rn er and  George 1955) 
and th e  mud s n a i l ,  N a ssa riu s  o b s o le ta  S ay  (S cheltem a 1 9 5 6 ).
A lg a l food was added to  g ive a c e l l  count o f 200 ,000/m l. o f  
l a r v a l  c u l tu r e .  V e lig e rs  o f P . dup lic a tu s  and P. heros d id  feed  on 
th i s  a lg a , as evidenced by th e  p resence  o f c e l l s  w ith in  t h e i r  
d ig e s t iv e  t r a c t s .
No d i f f i c u l t y  was e x p e rie n c e d  i n  r e a r in g  la rv a e  th ro u g h  th e  f i r s t  
15 d a y s . However, o n ly  a sm a ll amount o f  grow th took  p la c e  and no 
la rv a e  m etam orphosed. S ince  m o r t a l i t i e s  to  th e  la rv a e  were n o t sudden , 
i t  ap p ea rs  t h a t  P . t r ic o rn u tu m  was n o t t o x i c .  Two p o s s i b i l i t i e s  t h a t  
cou ld  acc o u n t f o r  t h i s  g ra d u a l  m o r t a l i ty  a re  t h a t  t h i s  a lg a  m igh t be 
d e f i c i e n t  i n  some e s s e n t i a l  grow th  su b s ta n c e  o r  i t  m igh t be i n d i g e s t i ­
ble. and t h a t  i t  m igh t be too  la rg e  f o r  e a sy  in g e s t io n  by th e  v e l i g e r s .
In  o rder to  circum vent t h i s  problem , th re e  o th e r  sm a lle r  sp ec ie s  
o f a lg ae  were re a re d  i n  pure c u ltu re  fo r  use as l a r v a l  fo o d s . They 
are  l i s t e d  in  Table 9 , along w ith  t h e i r  taxonomic p o s i t io n  and c e l l  
d im ensions.
T able 9 .  S p e c ie s ,  C la ss  and S iz e  o f  th e  A lgae
Used i n  th e  V arious F eed ing  E xperim ents
S pecies C lass S ize
Phaeodactylum
trico rn u tu m B ac illa rio p h y ceae  3 x 30 m icra
D u n a l ie l la
e u c h lo ra Chlorophyceae 6 x 12 m icra
N annoch lo ris
atomus Chlorophyceae 3 x 5  m icra
Iso c h ry s is
galbana Chrysophyceae 3 x 5  m ic ra
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Because o f  th e  problem s in v o lv ed  i n  c u ltu r in g  th e  l a s t  th re e  sp ec ie s  
o f  a lgae  i n  Table 9, th e y  were vised i n  su cc e ss iv e  experim ents in  re a r in g  
la rv a e  r a th e r  th a n  in  s im ultaneous e x p e r iin en ts . N. atomus and D. euch- 
lo r a  gave somewhat b e t t e r  r e s u l t s  as l a r v a l  food  th a n  P . tr ic o rn u tu m .
When added to  th e  l a r v a l  c u ltu re s  a t  c e l l  c o n c e n tra tio n s  o f  2 0 0 .000 /m l., 
th e  la rv a e  added m easurable s h e l l  growth in  2 d a y s . L arv a l m o r ta l i t ie s  
itfere a lso  le s s  th a n  fo r  c u ltu re s  fed  on P . tr ico rn u tu m  during  th e  f i r s t  
7 to  10 days o f  r e a r in g .  A fte r  a 15 to  20-day p e r io d , however, 
m o r t a l i t i e s  in c re a se d  and th e  m a jo r ity  o f  th e  la rv a e  were dead by 22 d ay s. 
A few la rv a e  developed to  the "swim ming-crawling" o r  p e d o v e lig e r  s tag e  
t h a t  j u s t  p recedes m etam orphosis. A gain, no la rv a e  metamorphosed.
A ttem pts were th e n  made to  r e a r  la rv a e  u s in g  I . ga lbana as th e  food 
a lg a .  Of th e  fo u r  sp e c ie s  u sed , t h i s  was th e  m ost d i f f i c u l t  to  c u ltu re  
in  any q u a n t i ty .  However, by fre q u e n t s u b c u ltu r in g , i t  was p o s s ib le  to  
m a in ta in  s u f f i c i e n t  amounts fo r  feed in g  a number o f 3 - l i t e r  l a r v a l  
c u l tu r e s . The same c o n c e n tra tio n  o f  c e l l s  was used fo r  t h i s  a lg a  as fo r  
th e  o th e r  s p e c ie s .
I .  ga lbana  was chosen s in ce  i t  had been shown to  be a "good" food 
sp e c ie s  fo r  th e  la rv a e  o f  the  o y s te r ,  C. v i r g in ic a , and quahog, K. 
m ercenaria  (Davis and G u il la rd  15*58). W ith la rv a e  o f  b o th  th e se  
pe lecy p o d s, i t  produced r e l a t i v e l y  b e t t e r  growth th an  a number o f  o th e r  
a lg a  t e s t e d .
I .  ga lb an a  was th e  o n ly  a lg a  fe d  i n  pure c u ltu re  to  v e l ig e r s  t h a t  
r e s u l te d  i n  su c c e ss fu l m etam orphosis o f P . heros la rv a e .  I t  a lso  gave 
a f a s t e r  r a t e  o f  grow th p e r  u n i t  o f  tim e and h ig h e r  s u rv iv a l  r a t e s  fo r  
la rv a e  o f  P . d u p l ic a tu s . Even so , no la rv a e  o f  t h i s  sp e c ie s  m eta­
morphosed.
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Two l a r v a l  c u ltu re s  o f  P . heros which were fed  I .  ga lbana  over 
th e  f i r s t  15 days, fo llow ed by eq u a l amounts o f  I .  ga lbana  and P . 
t r i c o r nutum, showed the  b e s t  r e s u l t s  i n  terras o f  the  number o f  la rv a e  
t h a t  metamorphosed.
The problem o f  an adequate a lg a l  food f o r  P o l i r ic e s  v e l ig e r s  was 
no t so lv ed  by th ese  e x p e rim en ts . I t  was shown, however, t h a t  one 
s p e c ie s ,  I .  ga lbana , was s u p e r io r  to  the  th re e  o th e r  sp e c ie s  t e s t e d ,
P . tr ico rn u tu m , N- atom us, and D- e u c h lo ra , as a food f o r  th e se  la rv a e .  
I t  a lso  appeared th a t  feed in g  o f  mixed a lg a l  sp ec ie s  m ight o f f e r  th e  
b e s t  means o f p ro v id in g  adequate food over a  long p e la g ic  l a r v a l  p e r io d . 
I t  i s  p o s s ib le  t h a t  N. atomus o r D. eu ch lo ra  m ight a lso  have g iven 
s a t i s f a c to r y  r e s u l t s  i f  th ey  had been used  w ith  an o th er sp ec ie s  as a 
mixed food .
S u c c ess fu l re a r in g  to  metamorphosis o ccu rred  on ly  i n  th e  summer ....
and f a l l  o f  1958, d u rin g  w hich tim e  th e  c u l tu r e s  r e c e iv e d  t re a tm e n t w ith  
a n t i b i o t i c s  (se e  b e lo w ) . I t  seems p ro b a b le  t h a t  t h i s  was a  s i g n i f i c a n t  
f a c to r  i n  r e a r in g  la rv a e  o f  P . h e ro s  th ro u g h  th e  app rox im ate  30 -d ay  
p e la g ic  p e r io d  to  m e tam o rp h o sis .
In  many cases where h igh  m o r ta l i t i e s  occu rred  i n  l a r v a l  c u l tu r e s ,  
an abundance o f  b a c te r ia  was observed w ith in  th e  s h e l l s  o f  dead la rv a e .  
On two o ccas io n s , co lo n ie s  o f a  p in k ish -c o lo re d  b a c te r ia  were found 
growing on th e  s id e s  o f  the  c u ltu re  c o n ta in e r .  Many swimming v e l ig e r  
la rv a e  i n  th e se  c u ltu re s  a lso  had th e  same p in k ish  b a c t e r i a l  growth on 
t h e i r  s h e l l s  and velum . Both c u ltu re s  d ied  o u t com pletely  w ith in  2k 
hours even though th e  la rv a e  were removed by sc reen in g  and p la ce d  i n  
an o th er c o n ta in e r  o f f r e s h ly  f i l t e r e d  sea  w a te r . A ttem pts to  grow th i s  
b acte riu m  on n u t r i e n t  ag ar p la t e s ,  u s in g  m a te r ia l  removed from th e  s id e s
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o f th e  c o n ta in e r as w e ll as in fe c te d  la rv a e ,  were u n su c c e ss fu l.
Thus, w hile  no evidence was o b ta in ed  t h a t  b a c te r ia  xrere d i r e c t l y  
re sp o n s ib le  fo r  l a r v a l  m o r t a l i t i e s ,  i t  was a t  l e a s t  s u sp e c t. T his 
o p in io n  i s  supported  by th e  f a c t  th a t  b a c te r ia  have been i s o la t e d  from 
c u ltu re s  o f  dying quahog la rv a e ,  M. m ercen a ria , and dem onstrated  to  be 
l e t h a l  to  h e a lth y  la rv a e  o f  t h i s  sp ec ie s  when c u ltu re s  were in o c u la te d  
(G u illa rd  1959)•
In  an e f f o r t  to  depress b a c t e r i a l  grow th, some c u ltu re s  o f  la rv a e  
Ttfere re a re d  w ith  th e  a d d itio n  o f  a n t ib io t i c s .  In  th e se  experim en ts, 
P e n ic i l l in  C- (C ry s ta llin e -P o ta ss iu m ) and Dihydro s trep to m y cin  su lp h a te  
were added to  the  c u ltu re s  a t  each 2 ij-hour change o f  sea  w a te r . 
G u illa rd  (p e rso n a l communication) found h igh  co n cen tra tio n s  o f  e i th e r  
o f  th e se  a n t ib io t ic s  to x ic  to  o y s te r ,  C. v i r g i n !c a , and quahog, M. 
m ercen a ria , l a r v a e . Based on th i s  and experim ents by  Oppenheimer 
(1955) as to  the  e f f e c t  o f  a n t ib io t ic s  on th e  development o f  p e la g ic  
eggs o f  m arine t e l e o s t s , i t  appeared t h a t  a dose o f 100,000  u n i ts  
(75  mg. p e r l i t e r  fo r  p e n i c i l l i n  a /  and 100 mg. o f  s trep to m y cin ) would 
be adequate to  p rev en t b a c t e r i a l  growth w ith o u t any adverse e f f e c t  on 
the  la r v a e .
I n i t i a l  experim ents were conducted by  d iv id in g  la rv a e  o b ta in ed  
from a s in g le  egg c o l la r  in to  two c o n ta in e rs , one f o r  a n t ib io t i c  
tre a tm en t and th e  o th e r as a c o n tro l .  Each c u ltu re  -was t r e a te d  s im i­
l a r l y  i n  reg a rd  to  changing o f  the  w a te r and the  amount o f  a lg a l  food 
added. In  a l l  c a se s , the  la rv a e  i n  the  c u ltu re s  t r e a te d  w ith  
a n t ib io t ic s  had a lo n g er s u rv iv a l  p e r io d  th a n  fo r  t h e i r  c o n t r o l s .
l 7  Based on 1650 u n its  p e r  mg. fo r  P e n ic i l l i n  G No. $26, E l i  L i l ly  
Company.
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Larvae from t r e a te d  c u ltu re s  l iv e d  as much as 7 to  10 days lo n g e r th a n  
t h e i r  u n tre a te d  s ib l i n g s . The t r e a te d  la rv a e  a lso  d id  n o t have as 
much m a te r ia l  fo u lin g  the  su rfa c e  o f  th e  s h e l l  as d id  th e  u n tre a te d  
la r v a e .
S ince n e ith e r  t r e a te d  nor u n tre a te d  c u ltu re s  produced m eta­
morphosed la rv a e ,  th e se  experim ents were conclusive  th a t  b a c t e r i a l  
growth alone was n o t re sp o n s ib le  fo r  m o r ta l i t i e s  to  l a t e  v e l ig e r  s ta g e s .  
The improved s u rv iv a l  o f a n t ib io t i c  t r e a te d  c u l tu re s ,  however, was such 
th a t  a n t ib io t ic s  were added to  a l l  l a r v a l  c u l tu re s  ro u t in e ly  from th i s  
p o in t onward.
The use o f  a n t ib io t ic s  i n  l a r v a l  c u ltu re  work c e r ta in ly  deserves 
more a t te n t io n  b u t was co n sidered  beyond th e  scope o f  t h i s  s tu d y  in  
view o f  th e  v a r ie ty  o f  a n t ib io t i c s  a v a i l a b le . I t  i s  encouraging to  
note th a t  th e  use o f  a n t ib io t ic s  fo r  th i s  purpose i s  b e in g  in v e s t ig a te d  
a t  th e  Haskins L abora to ry , New York C ity  (P ro v a so li, e t  a l . ,  1959)•
A problem o f te n  encountered  in  la rv a e  c u ltu re s  was th e  p resence  
o f  contam inant o rgan ism s. A lthough g la ss  wool and c o tto n  f i l t e r s  were 
found to  keep o u t sm all c ru s ta c e a n s , such as copepods and decapod 
la rv a e ,  q u ite  s a t i s f a c t o r i l y ,  develop ing  eggs o f  some o f  th e se  anim als 
o c c a s io n a lly  passed  th e  f i l t e r .  I n i t i a l l y ,  th e  f i l t e r e d  sea  w a ter was 
s to re d  i n  a  2 0 -g a llo n  p o ly e th e len e  c o n ta in e r u n t i l  u se d . On a  few 
o ccas io n s , copepod n a u p li i  and decapod zoeae developed i n  t h i s  f i l t e r e d  
w ater and were th e rew ith  p assed  in to  th e  c u ltu re s  of  v e l ig e r s .  S ince 
th e se  organism s were re ta in e d  w ith  the  v e l ig e r s  when th e  c u ltu re s  were 
screen ed  f o r  w ater changes, th e y  rem ained i n  the  c u ltu re s  th roughou t 
the  re a r in g  p e r io d .
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On two o c c a s io n s , copepod p o p u la tio n s  became so dense th a t  the 
v e l ig e r  la rv a e  were d isca rd e d  due to  doubt as to  what p o r t io n  o f  th e  
a lg a l  food th e y  cou ld  o b ta in .  I n  the  experim ents i n  w hich d i f f e r e n t  
a lgsew ere being  compared fo r  t h e i r  food va lue  to  v e l ig e r  la rv a e , i t  
was n e c e ssa ry  to  assume th a t  th e  copepods were u s in g  a s u f f i c i e n t  
p o r t io n  o f  th e  a v a ila b le  a lg a l  food to  negate  th e  experim en t.
Crab zoeae a re  a l e s s e r  problem  s in ce  th e y  cannot reproduce in  
the  c u l tu re  as do th e  copepods. However, zoeae feed  on th e  la rv a e  and 
t h e i r  p resence  i n  la rg e  numbers reduces th e  v e l ig e r  p o p u la tio n  conside i’- 
a b ly  over a  20 to  30-day  p e r io d .
C i l ia te  p ro to zo an s were p ro b ab ly  th e  m ost f re q u e n t contam inant o f  
the  l a r v a l  c u l tu re s  s in ce  th e y  were no t r e ta in e d  by th e  sea  w ater 
f i l t e r i n g  d e v is e . The h igh  d e n s i ty  o f  a lg a l  c e l l s  added to  feed  th e  
la rv a e  o f fe re d  id e a l  food c o n d itio n s  f o r  many form s, b o th  m o tile  and 
a t ta c h e d . M otile  c i i i a t e s  a re  sm all enough to  p ass th rough  th e  
sc ree n s  when th e  c u ltu re s  a re  changed, and th u s  o n ly  a-few  a re  t r a n s ­
f e r re d  w ith  each w a te r change. However, under th e se  ap p aren t op tim al 
food and tem p era tu re  c o n d itio n s , th e i r  re p ro d u c tiv e  r a te  i s  v e ry  h igh  
and th e  p o p u la tio n  re b u ild s  i t s e l f  r a p id ly .
S ta lk e d  c i i i a t e s  are perhaps a more s e r io u s  problem . A lthough 
th ey  are  a ls o  co m p etito rs  fo r  a lg a l  food along w ith  th e  m o tile  form s, 
t h e i r  a ttach m en t makes i t  d i f f i c u l t  to  reduce t h e i r  num bers. I t  was 
o f te n  n e ce ssa ry  to  wash c u ltu re  c o n ta in e rs  w ith  a s tro n g  "C hlorox” 
s o lu t io n  to  k i l l  co lo n ie s  o f  th e se  a n im a ls . Even t h i s  was n o t t o t a l l y  
s u c c e s s fu l i n  removing them from the  c u ltu re  s in c e  many were a tta c h e d  
d i r e c t l y  to  th e  s h e l l s  o f  th e  v e l ig e r  l a r v a e . I n  some in s ta n c e s , 
where la rv a e  were re a re d  i n  c u l tu re  over 25> days, as many as 20 s ta lk e d
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p ro to zo a  were found a tta c h e d  to  th e  s h e l l  o f  a  s in g le  v e l ig e r .  
O bserva tions o f  such la rv a e ,  when removed and p la ce d  in  P e t r i  d is h e s , 
in d ic a te d  th e y  were so w eigh ted  w ith  a tta c h e d  c i i i a t e s  t h a t  th e y  could 
n o t swim up from th e  bottom  o f  the  c o n ta in e r . Some la rv a e  had 
p ro to zo a  a tta c h e d  near th e  a p e r tu re  o f  the  s h e l l  i n  such numbers t h a t  
t h s i r  v e la  were p rev en ted  from expanding f u l l y .  Such la rv a e  could, no t 
swim b u t m erely ro ta te d  slow ly  w hile  r e s t in g  on th e  bottom  o f  the  d is h .
Under such c o n d itio n s , i t  i s  d o u b tfu l th a t  la rv a e  could feed  
a d eq u a te ly  and many m o r ta l i t i e s  may have r e s u l te d  from en fo rced  
s ta r v a t io n .
I t  i s  p robab le  t h a t  heavy in f e s ta t io n s  o f  t h i s  type o f p ro to zo a  
a re  confined  to  c u ltu re  c o n d i t io n s . Some success  a t  c o n tro l l in g  
copepod contam inants i n  a lg a l  c u ltu re s  have been, e f f e c te d  through 
tre a tm e n t w ith  low d i lu t io n s  o f  o rg an ic  compounds (L oosanoff, Hanks 
and Ganaros 1957) • Continued re s e a rc h  along th e se  l in e s  should  
c o n tr ib u te  methods f o r  c o n tro l  o f o th e r  groups o f  a n im a ls .
The v a rio u s  p ro to zo an  forms observed i n  the  c u ltu re s  appeared  to  
be com petito rs  o f  th e  v e l ig e r  la rv a e  fo r  a v a ila b le  fo o d . Even when 
such p ro to zo an  p o p u la tio n s  were v e ry  dense, th e re  was no ev idence in  
th e  d ig e s t iv e  t r a c t s  o f  th e  la rv a e  th a t  th e y  were consumed as food 
o rgan ism s.
C e r ta in  h e te r o t r ic h  p ro to zo a  a re  known, however, to  be p re d a to rs  
on la rv a e  o f  th e  quahog, M. m ercen a ria , and th e  M e r ic a n  o y s te r ,
C. v i r g in ic a , under s im ila r  c u ltu re  c o n d itio n s  (L oosanoff 1959).
F ive o f  the  36 l a r v a l  c u ltu re s  o f  P. heros produced m eta- 
moiphosed d r i l l s . No d i r e c t  o b se rv a tio n  o f a  metamorphosing 
in d iv id u a l  was made a lthough  c u ltu re s  o f 20 days and o ld e r  were
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observed a t  fre q u e n t i n t e r v a l s . Large la rv a e  were s e le c te d  from such 
c u l tu r e s ,  i s o la te d  i n  d ep re ss io n  s l id e s  and observed  every  h a l f  h o u r. 
I t  would appear t h a t  the  p e r io d  o f m etam orphosis i s  q u ite  s h o r t ,  f o r  
i n  two cases w ith in  6 hours th e  v e l ig e r  la rv a e  had metamorphosed.
R ecen tly  metamorphosed P . heros m easured 0-5 to  0 .7  mm. i n  s h e l l  
h e ig h t and resem bled th e  a d u lt  d r i l l  i n  g en e ra l sh ap e . The s h e l l  i s  
a  r e l a t i v e ly  tra n s p a re n t brow nish-yellow  i n  c o lo r  w ith  f in e  s t r i a t i o n s  
running  a t  r ig h t  ang les to  the  p lan e  o f grow th.
A lthough la rv a e  o f  P . d u p lic a tu s  were re a re d  s u c c e s s fu l ly  to  th e  
p ed o v e lig e r s ta g e , no metamorphosed d r i l l s  were o b ta in e d . W ilson 
(1937) and Scheltem a (1956) have shown th a t  metam orphosis o f  a n n e lid  
and gastropod  la rv a e  can be induced  o r re ta rd e d  depending on th e  
s u i t a b i l i t y  o f  th e  substra tum  p re s e n te d . I n  view o f  such ev idence , 
experim ents were conducted along s im ila r  l in e s  u sing  p e d o v e lig e rs  o f  
P . d u p lic a tu s  from 28-day c u l tu r e s . Sand was o b ta in ed  from the  
Q u is se tt  Harbor s t a t i o n  which su p p o rts  a p o p u la tio n  o f  t h i s  s p e c ie s .
I t  was f e l t  t h a t  t h i s  substratum  should  have p re s e n t any d e s ira b le  
p ro p e r t ie s  which m ight induce metam orphosis o f  th e  l a r v a e . C u ltu res 
w ith o u t substratum  served  as c o n t r o ls . Over a  6-day  p e r io d , du ring  
which sea  w ater was siphoned o f f  and re p la c e d  each day and 50 m l. each 
o f  I . galbana and P . trico rn u tu m  were added fo r  food , none o f th e  25 
la rv a e  p laced  i n  each c o n ta in e r metamorphosed and a l l  were dead a f t e r  
7 days. These experim ents were re p e a te d  u sin g  f i r s t  a f in e -s c re e n e d  
beach sand and second a mud-sand m ix tu re . No m etam orphosis o f  la rv a e  
o ccu rred  in  e i th e r  c a s e .
As p . heros had been  shown to  be carn iv o ro u s on sm all b iv a lv e s  
im m ediately  a f t e r  m etam orphosis, i t  seemed p o s s ib le  t h a t  the  p resen ce
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o f such p rey  m ight c o n tr ib u te  tow ard inducing  m etam orphosis. I n  o rd e r  
to  t e s t  th i s  h y p o th e s is , 3 c u ltu re  c o n ta in e rs  were p re p a red : a  c o n tro l 
w ith  no anim als o r  s u b s t r a tm ,  a q u a n ti ty  o f  Gemma b u t  no su b stra tu m , 
and Gemma p lu s  Q u is se tt  H arbor san d . I n  each o f th e  c o n ta in e rs , 
p e d o v e lig e r  s tag e  la rv a e  were added, sea  w a te r was changed d a i ly ,  and 
a lgae  were added. During an 8-day experim en ta l p e r io d  no m eta­
m orphosis o ccu rred , and a l l  o f th e  la rv a e  d ie d .
Drom th e se  experim en ts, i t  appeal’s th a t  no m etam orphosis-inducing  
substance  occurred  in  the  th re e  s u b s t r a ta  o f fe re d  and t h a t  the  
p resen ce  o f p re y  anim als d id  n o t induce m etam orphosis. However, s ince  
100 p e r  c en t l a r v a l  m o r ta l i ty  o ccu rred  i n  b o th  ex p erim en ta l and c o n tro l  
groups a f t e r  about one week, th ese  r e s u l t s  are  n o t c o n c lu s iv e .
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D. Food and Ifeeding o f  R ecen tly  Metamorphosed D r i l l s
Of co n sid e rab le  im portance in  t h i s  s tu d y  was th e  q u e s tio n  o f  how 
soon a f t e r  m etam orphosis young d r i l l s  s t a r t e d  to  feed  and what type  
o f  food  th e y  consumed. A knowledge o f  w hether o r n o t th e  change from 
th e  herb ivo rous d ie t  o f  th e  la rv a e  to  th e  carn iv o ro u s d i e t  o f  the  
a d u l t  o ccu rred  a b ru p tly  a t  m etam orphosis would be s ig n i f i c a n t  to  our 
u n d ers tan d in g  o f  the  p re d a tio n  p re s su re  which th e se  gastropods e x e r t  
on th e  pelecypod members o f  th e  community. The s u rv iv a l  o f  r e c e n t ly  
metamorphosed d r i l l s  and b iv a lv e s  would appear to  depend to  a  la rg e  
e x te n t  on the  tim e f a c to r  in v o lv ed  f o r  the change-over in  food  h a b its  
by th e  d r i l l s .
The feed in g  h a b i ts  o f  r e c e n t ly  metamorphosed d r i l l s  a re  a lso  o f  
s ig n if ic a n c e  to  the  commercial s h e l l f i s h e r i e s . Any p re d a tio n  on 
b iv a lv e s  o f  a 1 to  2 -mm. s iz e  range would be l i k e l y  to  take  p lace  
u n n o tic e d . Yet such p re d a tio n  could account fo r  what o therw ise  
m ight be co n sidered  a  la ck  o f  a s u c c e s s fu l  " s e t ” o f  b iv a lv e s .
Likewise., a dependence on and a v a i l a b i l i t y  o f  sm all s iz e d  p re y  could 
r e s u l t  i n  the  success  o r  f a i lu r e  o f  metamorphosing d r i l l s  to  e s t a b l i s h  
them selves i n  a  p a r t i c u l a r  l o c a l i t y .
I n  o rd e r to  determ ine i f  d r i l l s  were carn iv o ro u s  as soon as th e y  
had metamorphosed, i t  was n e ce ssa ry  to  have a v a ila b le  a dependable 
supply  o f  sm all b iv a lv e s  and o th e r  organism s which m ight se rv e  as fo o d . 
One method of supp ly ing  such food organism s would be to  r e a r  l a r v a l  
quahogs, M. m e rc en a ria , to  th e  s e t t in g  s ta g e .  However, t h i s  i s  q u ite  
tim e consuming s in c e  th e se  c u l tu re s  would need the  same care  as i s  
re q u ire d  fo r  re a r in g  th e  la rv a e  o f  th e  d r i l l s .  I t  would a lso  be 
n e ce ssa ry  to  m a in ta in  su ccess iv e  c u ltu re s  i n  o rd e r  to  be a ssu red  o f
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having  a v a ila b le  r e c e n t ly  metamorphosed quahogs sm all enough fo r  newly 
metamorphosed d r i l l s  to  fe e d  nn s u c c e s s fu l ly .
A nother approach would inv o lv e  c o l le c t in g  r e c e n t ly  " s e t"  b iv a lv e s  
from t h e i r  n a tu ra l  environm ent. Newly ’'s e t"  s o f t - s h e l l  clam s, M. 
a r e n a r ia ,  a re  a v a ila b le  du rin g  th e  e a r ly  summer m onths, b u t dense s e ts  
a re  sp o ra d ic  i n  o c cu rren ce . I f  lo c a te d , t h i s  sp e c ie s  can be c o lle c te d  
i n  th e  i n t e r t i d a l  zone i n  la rg e  numbers a tta c h e d  to  such a lg ae  as 
Snterom orpha and U lv a . S im ila r ly , r e c e n t ly  s e t  m u sse ls , M. e d u lu s , 
can be o b ta in e d  from w harf p i l in g s  o r on a r t i f i c i a l  c o l le c to r s  
p la c e d  i n  the  w ater d u rin g  th e  sp r in g  m onths. S ince  b o th  o f  th ese  
sp e c ie s  a re  a v a ila b le  on ly  during  th e  sp rin g  and e a r ly  summer,, th ey  
a re  no t s a t i s f a c to r y  as a continuous food su p p ly . I n  a d d it io n , th ey  
soon grow too la rg e  to  be s u i ta b le  as food organism s f o r  th e  sm all 
d r i l l s .
A side from b iv a lv e  m o llu sks, newly s e t  b a rn a c le s  appeared to  be 
s u f f i c i e n t l y  small, to  be a p o te n t ia l  source o f fo o d . These anim als 
a re  q u ite  e a s i ly  c o lle c te d  by p la c in g  chicken-w ire  bags o f  empty 
b iv a lv e  s h e l l s  i n  an i n t e r t i d a l  a re a  where b a rn a c le s  are  known to  
a t ta c h  to  rocks and p i l i n g s .  Good " s e ts "  o f  b a rn a c le s  can u s u a l ly  be 
o b ta in e d  i n  t h i s  manner i f  the  s h e l l  bags a re  p u t o u t in  e a r ly  M a r c h  
and observed  f re q u e n tly  betw een th en  and th e  l a t t e r  p a r t  o f  A p r i l .  
A f te r  a  " s e t"  o f  young b a rn a c le s  has been o b ta in e d , th e  s h e l l  bags a re  
p laced  n ear th e  upper t id e  le v e l  where th e y  w i l l  n o t be submerged in  
se a  w a te r fo r  more th a n  1 to  2 hours on each t i d a l  c y c le . S ince th e  
b a rn a c le s  cannot feed  when exposed to  th e  a i r ,  th e y  w i l l  have a  slow 
r a te  o f  growth under such c o n d itio n s  and w i l l  rem ain  f o r  a  co n sid e rab le  
tim e a t  a  s iz e  sm all enough to  be u sed  as food by d r i l l s .
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While con sid erin g  v a rio u s  so u rces  o f sm all b iv a lv e s , i t  was 
re c a l le d  th a t  the  gem clam, Gemma gemma (T o tte n ) , one o f  th e  sm a lle s t  
o f  our New England pe lecypods, i s  an ovoviv iparous s p e c ie s .  Eggs are  
r e ta in e d  w ith in  the  female th roughout developm ent to  metamorphosed 
a n im a ls . S ince th e se  newly metamorphosed in d iv id u a ls  measure 0 .5  to
1 .0  mm. i n  le n g th  a t  th e  tim e th e y  a re  d isch arg ed  by th e  a d u l t ,  i t  
appeared th a t  they  m ight be a  source o f  food fo r  sm all d r i l l s . A 
s in g le  female Gemma may c o n ta in  as many as 15 to  20 ju v e n i le s . These 
a re  e a s i ly  o b ta in ed  by p la c in g  the  a d u lt clam in  a  P e t r i  d ish  w ith  sea  
w ater and crush ing  th e  s h e l l .  I f  th e  body t i s s u e  i s  th e n  te a se d  a p a r t  
w ith  f in e  n e ed le s , th e  ju v e n ile  clams can be recovered  w ith o u t any 
damage. Most o f  the  developing  in d iv id u a ls  i n  any one a d u l t  fem ale are  
a t  approx im ate ly  th e  same s ta g e  o f developm ent. S ince Gemma b reeds 
th roughout th e  summer, i t  i s  o f te n  n ecessa ry  to  cru sh  a dozen o r  so 
clams in  o rd e r to  f in d  one o r two th a t  c o n ta in  th e  newly metamorphosed 
in d iv id u a ls .
To observe feed ing  a c t i v i t i e s  o f newly metamorphosed d r i l l s ,  th ey  
were removed from the c u ltu re  c o n ta in e rs  and p laced  i n  P e t r i  d ish es  
co n ta in in g  f i l t e r e d  sea  w a te r . D if fe re n t types o f  food m a te r ia ls  were 
th e n  p re sen te d  and th e  a c tio n s  o f  the  d r i l l s  observed .
When newly metamorphosed P . heros were p re sen te d  w ith  p la n t  m a te r ia l ,  
such as co n cen tra tio n s  o f  a lg a l  c e l l s ,  sm all p o r tio n s  o f  m acro-algae o r 
roclc su rfa c e s  b earin g  a lg a l  growth, th e y  d id  n o t fe e d . A lthough the 
d r i l l s  moved over the  su rface  o f such m a te r ia l ,  th e y  d id  n o t rem ain  i n  
p la c e  as when feed ing  o r show any o f the  u s u a l resp o n ses  o f  th e  a d u lts  
to  a  food s tim u lu s , such as ex tend ing  the  p ro b o sc is . O bserva tion  o f th e  
su rfa ce  o f  th e  m acro -a lga  showed no a re a  where d r i l l s  had ra sp e d . I t
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th u s  appeared th a t  th i s  sp ec ie s  was an o b lig a te  ca rn iv o re  as soon as 
metamorphosed.
V arious anim al foods were th e n  p re se n te d  to  th e  d r i l l s  in c lu d in g  
newly " s e t"  b a rn a c le s , ex c ised  t i s s u e  from m ussels and clam s, sm all 
l iv in g  m ussels and ju v e n ile  Gemma.
Newly metamorphosed P . heros d id  n o t feed  o r  show any a ttem p t to  
feed  on b a rn a c le s . This was somewhat s u rp r is in g  s in ce  newly m eta­
morphosed o y s te r  d r i l l s ,  U. c in e re a , have been observed  by th e  au th o r 
to  feed  v o ra c io u s ly  on sm all b a r n a c le s .
A lthough m ussels sm all enough fo r  th e se  feed ing  experim ents were 
no t o b ta in a b le  a t  a l l  p e rio d s  when metamorphosed d r i l l s  were a v a i la b le ,  
i t  was p o s s ib le  to  conduct some feed in g  t r i a l s  u s in g  th e se  b iv a lv e s . 
D r i l l s  re a c te d  to  th e  p resence  o f  th e  m ussels as soon as th e y  made 
d i r e c t  c o n ta c t w ith  them. The sm all d r i l l s  moved around the  m ussels 
and appeared to  examine them by 'touching the edges o f  th e  s h e l l  w ith  
t h e i r  f o o t . One d r i l l  a ttem p ted  to  wrap i t s  fo o t around a m ussel t u t  
the  f o o t  was n o t la rg e  enough to  enclo se  th e  m ussel. A f te r  a  p e r io d  
o f 11 m inu tes, t h i s  d r i l l  r e le a s e d  th e  m ussel and moved away. A lthough 
o th e r  m ussels were approached in  a s im ila r  m anner, none was bo red  in to  
o r  consumed. S ince the  m ussels were about th re e  tim es the  s iz e  o f the  
d r i l l s ,  i t  seems p robab le  th a t  th e y  were too  la rg e  fo r  th e  d r i l l s  to  
a t ta c k  s u c c e s s fu lly .
A lthough a d u lt  P . heros a re  re p o r te d  to  feed  on th e  rem ains o f  
dead f i s h  and c rabs (Chin 1952; T urner, p e rso n a l com m unication), as w e ll  
as l iv in g  m o llu sks, newly metamorphosed d r i l l s  d id  no t fe e d  on ex c ised  
clam t i s s u e  when i t  was p re s e n te d . D r i l l s  p laced  d i r e c t l y  on sm all 
p o r tio n s  o f  clam t i s s u e  moved away w ith o u t a ttem p tin g  to  fe e d . 'When
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p ie c e s  o f  t i s s u e  were p la ce d  a t  d is ta n c e s  o f  a c e n tim e te r  o r  so from 
th e  d r i l l s , th e y  d id  n o t move d i r e c t l y  to  the t i s s u e .  They d id  n o t, 
however, avoid  th e  t i s s u e  and p a ssed  over i t  f re q u e n tly  w ith o u t 
making any a ttem p t to  fe e d .
When ju v e n ile  Gemma were used  as th e  food organism , s u c c e s s fu l 
fe ed in g  fo llow ed . In  a number o f fe e d in g  ex perim en ts, a  dozen o r  so 
o f  th e se  sm all clams were p ip e t te d  in to  a  d ish  co n ta in in g  6 d r i l l s .
The d r i l l s  d id  n o t appear to  be d i r e c t l y  a t t r a c t e d  to  the  sm all c lam s. 
T h e ir movements were q u ite  random u n t i l  th ey  reach ed  a p o in t  a few 
m ill im e te rs  away from an in d iv id u a l  clam . From th i s  d is ta n c e  th e y  
moved d i r e c t l y  to  th e  clam, f i r s t  moving around th e  clam and touch ing  
i t  w ith  the fo o t along th e  edges o f  th e  s h e l l ,  th e n  craw ling  over th e  
clam . Clams became a tta c h e d  to  th e  metapodium ( p o s te r io r  p o r t io n  o f 
th e  fo o t)  and were th en  dragged along  behind  th e  d r i l l . I t  appeared 
to  adhere i n  t h i s  p o s i t io n  due to  a  mucous m a te r ia l  p re s e n t  on the  f o o t .  
W ith a clam i n  t h i s  p o s i t io n ,  a d r i l l  would move about th e  d is h  fo r  a 
p e r io d  o f 13’ to  20 m in u te s . This p rocedure  i s  s im i la r  to  th a t  o f  
a d u lt  d r i l l s  a t ta c k in g  b iv a lv e s  which a re  on th e  su rfa c e  o f  th e  sand.
The n o tic e a b le  d if fe re n c e  i s  th a t  a d u l t  d r i l l s  en c lo se  th e  clam in  th e  
metapcdium by fo ld in g  the  v e n t r a l  s id e  o f  th e  fo o t  com ple te ly  around 
th e  clam (F igu re  6 ) .  I n  a  few in s ta n c e s ,  a young d r i l l  would a t ta c h  
2 o r  3 clams to  i t s  fo o t and c a r ry  them around th e  d is h .
Each tim e a d r i l l  was observed  moving abou t th e  d is h  w ith  a  clam 
a tta c h e d  to  i t s  fo o t ,  th e  o th e r  d r i l l s  and clams were removed. A fte r  
c a rry in g  th e  clam f o r  a  v a r ie d  p e r io d  o f  tim e , th e  d r i l l  th e n  wrapped 
i t s  fo o t  around th e  clam . This i s  the  ty p ic a l  a c t io n  o f  a d u lt  d r i l l s  
when b o rin g  i s  s t a r t e d  (F igure  7) • A fte r  th e  d r i l l  and clam had
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s e p a ra te d , th e  s h e l l  o f th e  clam was examined w ith  a  m icroscope . I n  a l l  
c a se s , a  sm all ho le  was p re s e n t  i n  one o f  th e  v a lv es  and th e  clam t i s s u e  
had been  com plete ly  ra sp ed  from, th e  in s id e  o f  the  s h e l l .
S ince developm ent to  metamorphosis ta k e s  p la ce  e n t i r e l y  w ith in  
th e  c o l la r  o f  P . t r i s e r i a t a , la rg e  numbers o f  r e c e n t ly  metamorphosed 
d r i l l s  o f ' t h i s  sp e c ie s  were a v a ila b le  f o r  feed in g  e x p e rim en ts . V arious 
food  su b stan ces  were p re se n te d  in  a s im i la r  manner as f o r  P . h e ro s . 
A gain, no p la n t  m a te r ia l  was fe d  upon o r appeared  to  s t im u la te  th e  
d r i l l s  i n  any way. This sp ec ie s  a lso  d id  n o t a ttem p t to fe e d  on sm all 
b a r n a c le s .
'When p re se n te d  sm all m u sse ls , th e  sm all P . t r i s e r i a t a  a tta c h e d  
them to  th e  metapodium and c a r r ie d  them about th e  d is h .  A fte r  a p e r io d  
o f about li5> m inu tes, the  d r i l l  enclosed  th e  m ussel com pletely  i n  i t s  
fo o t  w hile  b o rin g  and fe e d in g  on th e  m ussel t i s s u e s .  D r i l l s  a lso  
a tta c k e d  and consumed ju v e n ile  Gemma i n  a s im ila r  m anner. S ince  P. 
t r i s e r i a t a , a t  th e  tim e o f  r e le a s e  from th e  c o l l a r ,  a re  about l /3 r d  
la rg e r  th a n  newly metamorphosed P. heros and d id  s u c c e s s fu l ly  a t ta c k  
and feed  on m u sse ls , w hile  th e  sm a lle r  P . heros were no t ab le  t o ,  the  
in d ic a t io n s  a re  th a t  th e  s iz e  f a c to r  was w hat p rev en ted  F . heros from 
feed in g  on t h i s  sp ec ie s  o f  b iv a lv e .
W hile conducting  feed in g  e:>:periments w ith  p . t r i s e r i a t a  and Gemma, 
a  few r e c e n t ly  metamorphosed mud s n a i l s ,  W. o b so le te , were in tro d u ced  
in to  th e  P e t r i  d ish  by a c c id e n t .  This gastropod  i s  a common e s tu a r in e  
sp e c ie s  and occurs i n  th e  same g e n e ra l h a b i ta t  as Gemma, M. a re n a r ia  
and th e  th re e  P o lin ic e s  s p e c ie s .  A lthough the  sm all N assariu s  a re  
capable o f  much f a s t e r  locom otion th a n  sm all P . t r i s e r i a t a , in d iv id u a ls  
o f  each  sp e c ie s  would o c c a s io n a lly  meet i n  t h e i r  movements abou t th e
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d is h .  Whenever t h i s  o ccu rred , th e  d r i l l  would q u ick ly  a t ta c h  i t s e l f  
to  th e  s h e l l  o f  the  N a ssa r iu s . The N assarius  would th e n  move a c t iv e ly  
about the  d is h  w ith  th e  d r i l l  a tta c h e d . This a c t io n  o f te n  l a s t e d  as 
long  as 2Li hours b u t no movement by th e  N assariu s d is lodged  the  d r i l l .  
Exam ination o f  th e  N assarius s h e l l s  in d ic a te d  th a t  du ring  th i s  p e rio d  
o f  be ing  c a r r ie d  about, the d r i l l  was ab le  to  bore  a ho le  th ro u g h  the  
s h e l l  and feed  on the t i s s u e .
S ince la rv a e  o f  P. d u p lic a tu s  were no t s u c c e s s fu lly  re a re d  to  
m etam orphosis, i t  was n o t p o ss ib le  to  determ ine th e i r  feed in g  h a b its  
a t  m etam orphosis. However, a few sm all in d iv id u a ls  o f  t h i s  sp e c ie s ,
2 to  k mm. in  s h e l l  h e ig h t, were c o lle c te d  from the  f l a t s  a t  
B arn stab le  H arbor. Using d a ta  on s iz e  a t  metamorphosis and growth f o r  
£* he ro s  and p . t r i s e r i a t a , i t  appears reaso n ab le  to  e s tim a te  th e  age 
o f th ese  d r i l l s  as about ij to  6 weeks a f t e r  m etam orphosis. D r i l l s  o f 
th i s  s iz e  fed  on b o th  a d u lt  Gemma and sm all m ussels b u t d id  no t feed  
on m acro -a lgae . From th ese  r e s u l t s ,  i t  seems p robab le  t h a t  t h i s  sp ec ie s  
i s  a lso  an o b lig a te  carn ivo re  as soon as i t  has metamorphosed.
Data on feed in g  ra te s  a re  a v a ila b le  fo r  a d u lt o y s te r  d r i l l s , U. 
c ln e re a  (C a rr ik e r  1955; Hanks 195 b) and th e  a d u lts  o f  th e  th re e  sp ec ie s  
o f  P o U n ices  s tu d ie d  h e re in  (G ig l io l i  1959; Sawyer 1950; Hanks 1952, 
1953). I n  a d d itio n , C a rrik e r (1957) e s ta b lis h e d  feed ing  r a t e s  i n  
la b o ra to ry  experim ents u s in g  newly re le a s e d  U. c in e rea  p rey ing  on newly 
"set"quahogs, M. m ercen a ria . The feed in g  r a t e ,  i n  term s o f  th e  number 
o f  clams consumed p e r  d r - i l l  p e r  day, e s ta b lis h e d  by C a rrik e r fo r  sm all 
U. c in e re a  (8 .9  fo r  th e  average o f  li; feed ing  experim ents) was much 
h ig h e r th a n  fo r  th e  a d u lts  o f  t h i s  sp ec ie s  (0 .2  fo r  the  average o f  6
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fe e d in g  experim ents) a t  s im i la r  w a ter tem p era tu res  (Hanks 1957$ • I f  
t h i s  d if fe re n c e  i n  v o ra c i ty  i s  g en era l f o r  sm all in d iv id u a ls  o f  c a rn iv o ­
rous gastropod  s p e c ie s , we m ust e s p e c ia l ly  look to  t h i s  le v e l  o f 
p re d a tio n  fo r  any maximum l im i t in g  e f f e c t  upon b iv a lv e  sp ec ie s  w ith in  
a community.
In  o rd e r to  o b ta in  d a ta  on th e  r a te  o f  feed in g  o f  r e c e n t ly  m eta­
morphosed P . heros and P . t r i s e r i a t a , a number o f  experim ents were 
conducted to  detenmine the  le n g th  o f  tim e n ecessa ry  to  com plete the  
b o rin g  and feed in g  p ro c e s s . D r i l l s  were removed from re a r in g  c o n ta in e rs  
and p la ce d  i n  fingerbow is w ith  f i l t e r e d  sea  w ater and a  number o f  sm all 
Gemma, 0 .5  to  1 .0  mm. i n  le n g th , were added. As soon as an in d iv id u a l 
d r i l l  a tta c k e d  a clam, a l l  o th e r  d r i l l s  were removed. Feeding a c t i v i t y  
was observed w ith  a  b in o c u la r  m ic ro sco p e . The feed in g  p e rio d  was 
considered  as the  tim e betw een the  d r i l l  wrapping i t s  fo o t about the  
clam and the  re le a s e  o f  th e  empty v a lv e s . W ater tem peratu re  f o r  th e se  
experim ents was in  the  range o f  18° to  20° C. S ince Gemma, i n  n a tu re , 
l iv e  near o r  on th e  su rface  o f  th e  f l a t s ,  most experim ents were 
conducted w ith o u t a substra tum  in  o rd e r to  p rov ide  c le a r  o b s e rv a tio n s . 
R esu lts  o f th e se  experim ents fo r  both  sp ec ie s  a re  g iv en  in  Table 10.
Table 10. Ffeeding Time fo r  R ecen tly  lie tamo rphosed 
P . heros and P. t r i s e r i a t a  on Ju v en ile  
Gemma gemma
S pecies S h e ll  H eight lim e E lapsed  Feeding R ate
mm.
P . heros 0 .8
P . heros 0 .6
P. heros 0 .7
P . heros 0 .7
P . heros 0 .8
P . t r i s e r i a t a  0 .9
P . t r i s e r i a t a  1 .0
P . t r i s e r i a t a  1 .2
P. t r i s e r i a t a  0 .8
P . t r i s e r i a t a  0 .9
P . t r i s e r i a t a  1 .0
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During Feeding (Clams p e r  d r i l l  
( to  n e a re s t 5 m in .) p e r  day)
2 h r s . Ii5 m in. 8*7
3 h r s . 25 m in. 7.2
2 h r s . 20 m in. 1 0 .2
2 h r s . 10 min. 1 1 .1
2 h r s . 1*0 m in. 9 .0
3 h r s . 5o m in. 6.3
2 h r s . 35 m in. 9-3
3 h r s . 20 m in. 7.2
3 h r s . 1*5 min. 6 .I4
2 h r s . 15 m in. 10 .7
2 h r s . 55 m in. 8 .2
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These r e s u l t s  show an average feed in g  r a te  (e x tra p o la te d  from  th e  
tim e o f  consum ption o f  1 clam by 1 d r i l l )  fo r  P . heros o f  9*2 clams 
p e r  d r i l l  p e r  day and fo r  P . t r i s e r i a t a  o f 8 .0  clams p e r d r i l l  p e r  day .
I n  o rd e r to  compare th ese  observed  feed in g  tim es w ith  th o se  o f  a 
more n e a r ly  n a tu r a l  s i t u a t io n ,  3 experim ents were conducted u s in g .a  
number o f P . t r i s e r i a t a  and Gemma m ain ta in ed  i n  a  c o n ta in e r  fo r  a few 
days w ith o u t be in g  d is tu rb e d . Seeding r a te s  e s ta b l is h e d  in  th e se  
experim ents a re  g iven  i n  Table 11. The w ater tem p era tu re  ranged  
betw een 20° and 22° C ., and th e  w a ter was changed d a i ly  during  th e  
experim ent by siphon ing  to  avoid  d is tu rb in g  feed in g  d r i l l s .
Table 11 . Tbeding R ates o f  Newly Netamoiphosed 






D r i l l s
Re eding 
P eriod  






D r i l l  p e r  Day)
ho 5 Oc 21 2.1
35' 5 b 32 1.6
30 5 3 28 1.9
The r a te  o f feed ing  shown i n  Table 11 i s  p ro b ab ly  more r e a l i s t i c  
th an  th o se  e x tra p o la te d  from a s in g le  feed in g  p e rio d  i n  Table 10. 
A lthough th e  fe e d in g  r a t e  fo r  newly metamorphosed P . t r i s e r i a t a  i s  
h ig h e r th a n  fo r  a d u lts  o f t h i s  sp e c ie s  as re p o r te d  by G ig l io l i  (19lt9), 
i t  does n o t approach the h ig h e s t fe ed in g  r a t e  f o r  newly re le a s e d  
o y s te r  d r i l l s ,  U. c in e re a , (19-0 clams p e r  d r i l l  p e r day) re p o r te d  by 
C a rrik e r (1957). I n  h is  experim ents he had p re s e n t  a  much l a r g e r  
q u a n ti ty  o f  food sp e c ie s  (200 to  300) th a n  were u sed  i n  th e  P o lin ic e s  
experim ents re p o r te d  h e re . This may account f o r  some o f  th e  d if fe re n c e  
i n  feed in g  r a t e  s in c e  th e  clam d r i l l s  would have sp en t more tim e
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sea rch in g  fo r  th e  p re y  betw een feed in g s  th a n  would th e  o y s te r  d r i l l s  in  
C a r r ik e r 's  ex p erim en ts .
F re se n t ev idence in d ic a te s  th a t  b o th  r e c e n t ly  metamorphosed 
P . heros and ? .  t r i s e r i a t a  have co n sid e ra b ly  h ig h er feed in g  r a te s  th a n  
a d u lts  o f  the  same s p e c ie s .
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E . Growth and S exual M atu rity  o f  Young D r i l l s
In  o rd e r to  determ ine the  r a t e  o f  growth o f  young P . h e ro s , an 
exp erim en ta l group was p laced  in  a wooden tank  w ith  a sand su b s tra tu m .
A c o n s ta n t flow o f sea  w a te r was prov ided  and sm all m ussels were 
p la ce d  in  the tank  fo r  food .
S ix  in d iv id u a ls ,  m easuring 6 to  8 mm. i n  o p e rc u la r  le n g th , were 
s e le c te d  from a c o l le c t io n  o f sm all d r i l l s  o b ta in ed  a t  York Beach,
M aine. These anim als were k ep t in  sea  w ater a t  n a tu ra l  tem pera tu res  
fo r  a p e r io d  o f  about 18 m onths. S ince sea so n a l d if fe re n c e s  in  the  
r a te  o f  feed in g  a re  re p o rte d  fo r P . heros (Hanks 19!?2, 1953), i t  was 
assumed th a t  th e  growth r a te  o f  th i s  experim en tal group would be 
comparable to  th e  r a te  o f  growth o f P. heros i n  n a tu ra l  p o p u la tio n s  
w ith  an abundant food su p p ly . In  o rd e r to  a ssu re  th a t  th e  d r i l l s  had 
s u f f i c i e n t  food to  allow  fo r  maximal grow th, m ussels were c o n tin u a lly  
added to  th e  ta r t :  to  re p la c e  those consumed.
As t h i s  experim ent was s ta r te d  in  August, 1957 and te rm in a te d  in  
February , 1959, i t  in c lu d ed  only  one summer p e r io d . P . heros i s  known 
to  have a h ig h er r a te  o f  feed ing  a t  warm w ater tem peratu res th a n  a t  
co ld  and to  feed  th roughou t th e  w a ter tem perature  range o f  2° to  23° C. 
(Hanks 1953). Thus on ly  one h igh  le v e l  feed in g  p e rio d  o ccu rred  during  
th e  experim ent. I t  i s  th e re fo re  p o s s ib le  th a t  a g re a te r  o v e ra l l  growth 
m ight have been  a t ta in e d  over a s im ila r  18 months i f  the  p e r io d  chosen 
in c lu d ed  two summers and only  one w in te r . R egard less  o f  t h i s  p o s s i ­
b i l i t y ,  i t  shou ld  no t a l t e r  th e  growth during  any p a r t i c u l a r  warm o r co ld  
p e r io d .
I n  o rd e r to  determ ine the  d iffe re n c e  between growth du ring  th e  summer 
and growth du ring  the  rem ainder o f  th e  y e a r , th re e  s e ts  o f  measurements
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o f the  d r i l l s  were made a f t e r  t h e i r  i n i t i a l  s iz e  was ta k e n  a t  th e  s t a r t  
o f  the experim en t. Table 12 shows th e  growth o f  th e  6 d r i l l s  d a rin g  
th i s  experim en t.
Table 12. Growth o f  Young P . heros Kept a t
N a tu ra l Sea W ater Tem peratures and 
w ith  a Maximum Supply o f  Tbod J«-
I n i t i a l  S ize  S ize  A f te r  S ize  A fte r S ize  A fte r
9 Months 13 Months 18 Months
Aug. 29, 1957 June 2, 1958 S e p t. $, 1958 Feb. li, 1959 
22.5° C. l$Jh° C. 21.7° C. 2 .1° C.
7.0  10.0  20.0  21.0
7„0 9-0  19 .0  25 .0
8.0  9 .0  21.0  22.0
6 .0  01.0  18.0  26.0
7.0  12.0  22.0  25.0
8.0  10.0  18.0  19.0  * *
Av. 7 .1  10.2  19.7  23.0
# Measurements l i s t e d  a re  le n g th  o f  th e  operculum to  
the  n e a re s t  mm.
-:h;- Animal dead when recovered  from the tank f o r  m easure­
m ent.
The d a ta  i n  Table 12 in d ic a te  t h a t  sm all P . heros do grow during 
th e  co ld er p e rio d s  o f th e  y e a r . The average s iz e  o f  th e  6 d r i l l s  
in c re a se d  over th e  9-month p e rio d  from August, 1957 to  June, 1958 
from 7*1 imii. to  10.2  mm.; an in c re a s e  o f  3 .1  mm. 3br th e  s h o r te r  co o l 
p e r io d  o f f iv e  months from Septem ber, 1958 to  February , 1959- th e  
in c re a se  i n  average s iz e  was 3 .3  mm. Yet fo r  th e  I|-month p e r io d  of 
warm tem peratu re  from June, 1958 to  Septem ber, 1958, th e  in c re a s e  i n  
average s iz e  was 9 .5  mm. This re p re se n ts  a  th re e fo ld  in c re a s e  i n  
average s iz e  over the  in c re a s e  f o r  e i th e r  o f  th e  two c o ld e r  p e rio d s  
and fo r  a  s h o r te r  a c tu a l  p e r io d  o f  grow th.
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These d a ta  a lso  in d ic a te  a  r a te  o f  growth fo r  young P . h e ro s , 
under o p tim a l food c o n d itio n s , o f approxirriat e ly  2 .I4 mm. p e r  month 
during  th e  summer p e rio d  and o f 0 .5  mm. p e r  month d u ring  th e  rem ainder 
o f  th e  y e a r .
P. h e ro s , o f  average s iz e  7 .1  mm., had n e a r ly  th e  same in c re a s e  
i n  average s iz e  (3 .1  mm.) fo r  a 9-month p e r io d  o f growth as the  same 
in d iv id u a ls  a t  average s iz e  19 .7  mm. had (3 .3  mm.) fo r  a 5-month 
p e r io d  o f grow th. I t  i s  p ro bab le  t h a t  the  s l i g h t l y  f a s t e r  growth 
during  th e  5 -month p e rio d  (0 .6 mm. p e r  month) was due to  the  f a c t  th a t  
the  s iz e  o f the  m ussels added fo r  food was in c re a se d  as th e  d r i l l s  grew 
l a r g e r .  T his would ten d  to  p rov ide  a somewhat g re a te r  amount o f  food 
from each m ussel consumed.
An experim ent was conducted to  determ ine a t  what s iz e  P. d u p lic a tu s  
reach  sex u a l m a tu r ity  i n  'berms o f  m ating and producing  egg c o l l a r s . A 
c o l le c t io n  o f  young d r i l l s  o f  t h i s  sp ec ie s  was o b ta in ed  from th e  f l a t s  
a t  the  B arn s ta b le  Harbor s t a t i o n .  Twenty In d iv id u a ls ,  6 to  8 mm. i n  
o p e rc u la r  le n g th , were s e le c te d  and p laced  i n  a wooden tank  c o n ta in in g  
1 in ch  o f sand su b stra tu m . S ince th e  normal p e rio d  o f re p ro d u c tio n  i s  
i n  th e  summer, a  flow  o f  sea  w a te r was p ro v id ed  a t  a  tem pera tu re  range 
o f 18° to  20° C. This served  to  keep th e  r a t e  o f feed in g  a t  a h ig h  le v e l  
i n  o rd e r th a t  th e se  d r i l l s  cou ld  approach a  maximal growth r a t e . Sm all 
m ussels were p la ce d  i n  the  tank  fo r  a food su p p ly . The experim en t was 
te rm in a te d  a f t e r  86 days when th e  f i r s t  egg c o l la r  was p roduced . A t t h a t  
tim e th e  d r i l l s  were removed and m easured. Table 13 shows th e  i n i t i a l  
s iz e  o f th e  d r i l l s  and th e i r  s iz e  a t  th e  end o f th e  experim en t.
The egg' c o l l a r  reco v ered  m easured $0 mm. i n  b a s a l  d iam eter and 16 mm. 
i n  h e ig h t . The average s iz e  o f  th e  16 d r i l l s  p re s e n t  a t  th e  te rm in a tio n
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o f th e  experim ent was 11 .7  mm. and th e  maximum s iz e  o f  an in d iv id u a l  
was l i |  mm.
Table 13 • S ize  o f  Sm all P . d u p lic a tu s  B efore 
and A f te r  86 Days o f  Feeding  a t  
18° to  20° C. *
I n i t i a l  S ize  Number S ize  A f te r  Number -**
O ctober l l | ,  1957 P re se n t 86 Days P resen t
8 .0  mm. 6 l i t .0 mm. 2
7 .0  mm. 11 13 .0  mm. 2
6 .0  mm. 3 12 .0  mm. 6
11.0  mm. 3
10.0  mm. 1
9 .0  mm. 2
*• The measurements l i s t e d  a re  the o p e rc u la r  le n g th  to  th e  
n e a re s t  mm.
■a* Four dead anim als removed during  th e  e x p e rim en t.
As th i s  c o l la r  was produced during  th e  n ig h t ,  the a c tu a l  d e p o s it io n  
was no t observed nor the  s p e c if ic  female re sp o n s ib le  a s c e r ta in e d . I t  
seems p ro b ab le , however, t h a t  th e  c o l la r  was produced by one o f  the  
la r g e r  in d iv id u a ls  m easuring 13 to  ill mm. No m ating p a i r s  were observed 
on th e  su rfa ce  during  the course o f  t h i s  experim en t.
Two o th e r  sm all c o l la r s  were produced a f t e r  th ese  d r i l l s  were 
re tu rn e d  to  the  ta n k , a f t e r  which th i s  group o f  d r i l l s  was s a c r i f i c e d  
in  o rd e r  th a t  th e  in d iv id u a ls  could be sex ed . Of th e  16 d r i l l s  p re s e n t ,  
9 were fem ales, 1| were m ales, and 3 could no t be sexed due to  the  
absence o f e x te rn a l  g e n i t a l i a .  A ll  o f th e  9 fem ales m easured 12 mm. or 
l a r g e r .  Of th e  lj m ales, 2 measured 12 mm. and 2 m easured 11 mm. The 3 
unsexed in d iv id u a ls  m easured 9 mm., 9 mm., and 10 mm.
From th e se  d a ta  i t  appears t h a t  a fem ale P . d u p lic a tu s  can mate and 
produce egg c o l la r s  a t  a  minimum s iz e  o f  12 mm. w hile  a  male i s  capable
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o f  s u c c e ss fu l m ating a t  a  minimum s iz e  o f 11 mm.
Two o f  the  sm all egg c o l la r s  produced were allow ed to  develop in  
warm sea w a te r . Both c o l la r s  re le a s e d  swimming la rv a e  a f t e r  12 day s. 
These la rv a e  were examined and found to  be o f the  same s iz e  and 
appearance as th e  la rv a e  from la r g e r  c o l l a r s . S ince th e  la rv a e  fe d  and 
appeared  norm al, no a ttem pt was made to  c u ltu re  them to  m etam orphosis.
The au th o r has never observed such sm all egg c o l la r s  a t  any o f  
th e  a reas  where c o l le c t io n s  o f  P . d u p lic a tu s  have been ta k e n . A lthough 
c o l l a r  measurements a re  seldom g iven , no m ention o f  sm all s iz e d  c o l la r s  
i s  co n ta in ed  in  th e  r e p o r ts  o f  Canadian w o rk e rs .
I t  seems p o s s ib le  th a t  the  co n d itio n s  o f  th e  experim ent were such 
t h a t  m aturing  d r i l l s  were in  much c lo s e r  p ro x im ity  th a n  they  would be 
under f i e ld  c o n d it io n s . A lso , la rg e  d if fe re n c e s  in  s iz e  between th e  
sexes may make i t  im possib le  fo r  su c c e ss fu l m ating to  tak e  p la c e . Thus 
w h ile  d r i l l s  o f  11 to  ill mm. are  capable o f  rep roducing , i t  i s  d o u b tfu l 
i f  t h i s  occurs to  any e x te n t in  the  f i e ld  due to  th e  in frequency  o f  
chance m eeting o f  sm all d r i l l s  o f  the  o p p o site  sex .
This experim ent a lso  prov ided  d a ta  showing th e  r a t e  o f  growth o f  
P . d u p lic a tu s  a t  warm w ater te m p e ra tu res . The average s iz e  o f th e  20 
in d iv id u a ls  a t  th e  s t a r t  o f  the  experim ent was 7*2 mm. At the  end o f  
th e  experim ent, th e  average s iz e  o f the  16 su rv iv o rs  was 11 .7  mm., 
g iv in g  an in c re a se  i n  average s iz e  o f  ii.p mm. and a r a te  o f  growth o f 
approx im ately  l.J? mm. p e r  month. This i s  somewhat le s s  th an  the  r a t e  
o f  growth p e r  month fo r  P . heros ( 2 di mm.) a t  a s im ila r  w a te r tem peratu re  
ra n g e . I t  i s  p robab le  th a t  t h i s  d if fe re n c e  i n  r a te  o f  growth i s  a 
r e f l e c t i o n  o f  th e  d if fe re n c e  in  a d u lt  s iz e  between th e se  two s p e c ie s .  
W ith in  th e  New England a re a , the  au th o r has never c o lle c te d  P. d u p lic a tu s
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l a r g e r  th a n  about 1|5 mm. o p e rc u la r  le n g th  w hile  specimens o f  P . heros 
c o l le c te d  on Gape Cod o f te n  measure as much as 65 mm. o p e rc u la r  le n g th . 
This i s  i n  g e n e ra l agreem ent w ith  such handbooks as Miner (1950) and 
A bbott (195b) which l i s t  th e  maximum s iz e  fo r  P . d u p lic a tu s  as 2 \  in ch es  
( s h e l l  h e ig h t)  and fo r P . heros as l r |  in ch es  i n  s h e l l  h e ig h t .
As la rg e  numbers o f  newly hatched  P . t r i s e r i a t a  were a v a ila b le  on 
o ccas io n , growth s tu d ie s  o f  t h i s  s iz e d  d r i l l  were conducted. A f in g e r -  
bowl o f  8 inches i n  d iam eter was f i l l e d  to  a  d ep th  o f J  in ch  w ith  f in e  
sand recovered  from the su rfa c e  o f  the  f l a t  a t  the  B arn stab le  s t a t i o n .  
F i l t e r e d  sea  w a te r was added to  a  dep th  o f about 2 in c h e s . An e s tim a ted  
300 to  I}00 Gemma were th e n  p la ce d  in  th e  bow l. A fte r  th ey  had burrowed 
in to  th e  sand , 100 P. t r i s e r i a t a  were p ip e t te d  in to  th e  bow l. These 
wore d r i l l s  which had been  re le a s e d  from a lab o ra to ry -p ro d u ced  egg 
c o l la r  3 days p r io r  to  th e  experim ent and had been  k e p t i n  a  o n e -g a llo n  
p l a s t i c  c o n ta in e r  w ith  a e ra te d , f i l t e r e d  sea  w ater w ith o u t food  o rgan ­
isms . The m a jo r ity  o f  th e  d r i l l s  used measured 0-9 to  1 ,0  mm. i n  s h e l l  
h e ig h t, a few being  0*7 and 0 .8  mm.
Most o f  the  t in y  d r i l l s  r ig h te d  them selves and burrowed in to  th e  
sand w ith in  5 m inutes a f t e r  being p la ce d  in  th e  bowl. A few rem ained 
r e t r a c te d  i n  th e  s h e l l  fo r  some time b efo re  ex tending  the  fo o t and 
burrow ing. W ith in  an hour, however, a l l  o f  the d r i l l s  were below th e  
s u r f a c e . The fingerbow l was th en  p laced  on a  w ater ta b le  such t h a t  a 
flow  o f  coo l sea  w ater p assed  around i t ,  p ro v id in g  a w a ter tem pera tu re  
o f 18° to  20° C. i n  th e  bow l. The sea  w a te r was siphoned o f f  d a i ly  and 
f r e s h ,  f i l t e r e d  w a te r added. A sm all amount o f  a lg a e , N annochloris 
atom us, was added a t  each w ater change to  p ro v id e  a food su p p ly  f o r  the  
Gemma. D a ily  o b se rv a tio n s  were made w ith  a b in o c u la r  m icroscope.
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A f te r  21) h o u rs , 5 gap in g  Gemma w ere re c o v e re d  from  th e  s u r f a c e  o f  
th e  sa n d , each  w ith  a  h o le  th ro u g h  one v a lv e  and a l l  th e  s o f t  p a r t s  
m is s in g .
A fte r  a  week, during  which tim e numerous Gemma s h e l l s  were removed, 
th e  su rfa c e  o f  th e  sand was tu rn ed  over w ith  th e  a id  o f  a sm all s p a tu la .  
By th i s  means, 18 d r i l l s  were uncovered, each  o f  which had a  Gemma 
wrapped i n  i t s  fo o t .
A few d r i l l s  craw led up th e  s id e  o f  th e  bowl and o u t o f  th e  w a te r .
By marking the  o u ts id e  o f  th e  bowl w ith  re d  crayon, i t  was determ ined  
th a t  th e se  d r i l l s  d id  no t r e tu r n  to  the  w a te r , b u t ,  in s te a d ,  withdrew 
th e i r  body in to  the  s h e l l  and a tta c h e d  f irm ly  to  th e  x>jall o f  the bow l.
S ix  d r i l l s ,  a llow ed to  rem ain  i n  t h i s  p o s i t io n  fo r  h'o h o u rs , d id  not 
re co v e r when removed and p la ce d  in  running  sea  w a te r . I t  appeared, t h a t  
th e y  load d ied  from d e s s ic a t io n .  T h ere fo re , du ring  th e  f i r s t  week o f  th e  
experim ent, d r i l l s  were b rushed  from the s id e s  whenever th e y  were 
observed o u t o f  th e  w a te r .  This procedure was u n s a t i s f a c to r y  b o th  in  
terras o f  d r i l l  m o r ta l i ty  and th e  in te r m i t te n t  fe ed in g  a c t i v i t y .  The 
w a ter was v ig o ro u s ly  a e ra te d  from t h i s  p o in t  onward u s in g  an a i r  s tone  
suspended j u s t  below th e  su rfa c e  o f th e  w a te r . Under th e se  co n d itio n s  
o n ly  an o c c a s io n a l d r i l l  was found o u t o f  the  w a te r .
At the  end o f  2 weeks, a sample o f 25 d r i l l s  was o b ta in ed  by 
tu rn in g  over th e  su rfa c e  o f  th e  san d . AH o f  th e se  anim als were 
recovered  a t  a  dep th  o f  2 to  3 mm. below th e  su rfa c e  o f  th e  sand .
A lthough a few were lo c a te d  by p rob ing  below a sm all bump o f  sand v i s ib le  
on th e  s u r fa c e , m ost d id  n o t leave  such a c h a r a c t e r i s t i c  m ark.
These d r i l l s  were examined w ith  a b in o c u la r  m icroscope to  a s c e r ta in  
i f  new s h e l l  had been  d e p o s ite d . This could be e a s i l y  determ ined  s in ce
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new s h e l l ,  l a i d  down a t  th e  l i p  o f  the  a p e r tu re ,  was cream to  b u f f  i n  
c o lo r  as compared to  th e  ro se  to  redd ish-brow n co lo r o f  th e  s h e l l  o f  
newly ha tch ed  d r i l l s .  The amount o f  growth o f  s h e l l  was about 0 .1  to
0 .2  mm. fo r  each o f  th e  2$ d r i l l s .  These anim als were re tu rn e d  to  the  
bowl and the  experim ent co n tin u ed .
A fte r  ib3 days, a l l  the  d r i l l s  p re s e n t in  th e  bowl were reco v ered  
by s i f t i n g  th e  sand through a f in e  mesh s c re e n . Only 91 anim als were 
reco v ered ; th e  o th e r  9 were assumed l o s t  e i th e r  when th e  w a te r was 
changed o r by escape from th e  bow l. Measurements o f  th e  group reco v ered  
a re  g iv en  in  Table l l( .
Table 111. Growth o f  Newly Hatched P. t r i s e r i a t a  
A fte r  b3 and 73 Days o f  Feeding a t  
18° to  20° C.
Days Number o f  D r i l l s  S ize
S t a r t  100 0 .6  to  1 .1  mm.
(m a jo rity  0 .8  to  1 .0  mm.)
h3 (91 recovered)
73
lit 2 .0  to  2 .9  mm.
it 6 1 .0  to  1 .9  mm.
15 le s s  th a n  1 .0  mm.
16 (dead) x le s s  th a n  1 .0  mm.
jovered)
17 3 .0  to  3 .5  mm.
32 2 .0  to  2 .9  mm.
12 1 .0  to 1 .9  mm.9 (dead) -tas- 1 .0  to  1 .9  mm.
13 (dead) ** le s s  th an  1 .0  mm.
x 11 o f  th e  16 c a n n ib a liz e d  
-:h:- A ll  22 c an n ib a liz e d
These d a ta  in d ic a te  th a t  13 o f  th e  l iv in g  d r i l l s  d id  n o t grow during  
the  lj3 days o f  th e  experim ent w hile  60 had some m easurable grow th o f  new 
s h e l l .  Of th e  l a t t e r ,  however, o n ly  llj showed any co n sid e ra b le  amount o f
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growth o f s h e l l ,  i . e . ,  on th e  o rd e r  o f 1 .0  to  1 .5  mm. over th e  o r ig in a l  
s i z e .
Since no d r i l l s  had been  observed  on th e  su rfa ce  where th e  bored 
Gemma were found, i t  was s u rp r is in g  to  f in d  th a t  16 o f  the  d r i l l s  were 
dead. As noted  i n  Table i l l ,  11 o f  th ese  had been bored  and consumed 
by o th e r  d r i l l s . No cause could  be determ ined fo r  th e  death  o f  the 
o th e r 5 d r i l l s .
The rem aining 75 d r i l l s  were re tu rn e d  to  th e  bowl, a new supply  o f  
Gemma added, and th e  experim ent con tinued  f o r  an  a d d i t io n a l  30-day 
p e r io d . A gain, a l l  d r i l l s  p re s e n t  were recovered  by s i f t i n g  th e  sand . 
Measurements o f  t h i s  group o f  86 anim als a re  a lso  g iven  i n  Table li}. 
Twenty-two o f  th ese  had been bored  and consumed.
New s h e l l  groxtfth was on th e  o rder o f  1 .0  to  1 .5  mm. fo r  the  17 
d r i l l s  i n  th e  l a r g e s t  s iz e  g roup. A fte r  the  73-day ex p erim en ta l p e r io d , 
m ost o f the  d r i l l s  showed some growth o f new s h e l l .  Only 3 anim als d id  
no t in d ic a te  any growth had tak en  p la c e . The maximal groxrth th a t  could  
have been a t ta in e d  by an in d iv id u a l  d r i l l  was approx im ately  3 .0  mm.
I t  appears th a t  growth up to  3 .0  o r 1) .0 mm. i s  about th e  maximum 
t h a t  could  be expected  w ith  an o p tim al food supply  during  th e  summer 
m onths. This i s  about the  s iz e  o f  sm all P . d u p lic a tu s  th a t  were c o l ­
le c te d  a t  th e  B arnstab le  Harbor s t a t io n  during  August and e a r ly  Septem ber. 
Thus, i t  seems a  sa fe  assum ption th a t  th i s  sp ec ie s  a lso  has a  s im ila r  
r a te  o f  growth during  the  f i r s t  few months a f t e r  m etam orphosis and th a t  
the  anim als in  t h i s  s iz e  range re p re se n t the  " se t"  o f  th e  same summer.
No in fo rm a tio n  can be g iv en  f o r  the  growth o f  r e c e n t ly  m eta­
morphosed P . heros as a  s u f f i c i e n t  number were no t re a re d  f o r  experim ents 
and sm all in d iv id u a ls  were n o t lo c a te d  a t  any o f  th e  f i e l d  s t a t i o n s .
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G ig l io l i  (19h9) a lso  n o tes  the lack  o f  t in y  P. heros i n  f i e l d  c o l le c t io n s  
i n  Canada and t h e i r  w hereabouts a t  t h i s  s iz e  i s  a t  p re s e n t  u n d e te m in e d .
A lthough cann iba lism  by b o th  P. heros and P . d u p lic a tu s  i s  known 
to  occu r i n  n a tu re  as w e ll as i n  la b o ra to ry  tanks ( G ig l io l i  19lt9 5 Hanks 
1953)3 th e  m o r ta l i ty  o f  sm all d r i l l s  by  t h i s  means was h ig h e r th a n  
m ight be expected  w ith  th e  abundance o f  pelecypod food  p r e s e n t .  Canni­
balism  accounted fo r  approx im ate ly  12 p e r  c e n t o f  th e  d r i l l  m o r ta l i ty  
d u rin g  the  f i r s t  1(3 days and 25 p e r  c en t over th e  nex t 30 d a y s . Under 
la b o ra to ry  co n d itio n s  i n  ta n k s . P . d u p lic a tu s  d id  n o t c an n ib a liz e  
u n le ss  a l l  o th e r  food sp ec ie s  had been  a b sen t fo r  some p e r io d  o f  w eeks. 
The sm all number o f  bored  s h e l l s  o f  P o U n ices observed  i n  th e  f i e l d  a t  
th e  v a rio u s  s ta t io n s  v i s i t e d ,  su g g est th a t  cann iba lism  by  a d u lt  d r i l l s  
occurs only  i n  th e  s c a r c i ty  o f  o th e r  m ollusk s p e c ie s ,  l e t  the  food 
supply  o f  Gemma p re s e n t w ith  th e  sm all d r i l l s  appeared to  be f a r  i n
excess o f  t h e i r  n eed s . When the  d r i l l s  were s i f t e d  ou t a t  1*3 and 73
days, over h a l f  o f th e  Gemma recovered  were a l iv e .
These d a ta  su g g es t t h a t  th e  food p re s su re  e x e r ted  on sm all d r i l l s
i s  g re a te r  th a n  fo r  a d u l t s . This appears to  fo rce  them to  a tta c k  
w hatever m ollusk p rey  they  c o n ta c t r a th e r  th a n  a c t  i n  th e  s e le c t iv e  
p a t te r n  o f the  a d u lts  as re p o rte d  fo r  P . heros (C hin 1952) and fo r  
p . d u p lic a tu s  (Hanks 1953). This p o s s i b i l i t y  i s  f u r th e r  supported  by 
th e  s u c c e s s fu l a t ta c k s  by sm all P . t r i s e r i a t a  on sm all mud s n a i l s .
N. obs o le te ,  even though Gemma were p re se n t (Hanks 1957b and see 
SECTION IV, D .) .




The r e s u l t s  o f  t h i s  s tu d y  o f  th e  e a r ly  l i f e  h i s to r y  o f  th re e  
sp e c ie s  o f  Pol in i c e s  (P . d u p l ic a tu s , P . h e ro s , and P . t r i s e r i a t a ) 
a re  p e r t in e n t  to  some o f  th e  c u rre n t problem s encoun tered  by m arine 
e c o lo g i s t s .
A- The Loss o f  Larvae D uring th e  Free-swimming P e la g ic  P e rio d
Marine in v e r te b ra te s  w hich have a  p e la g ic  l a r v a l  s ta g e  i n  t h e i r  
l i f e  h is to r y  u s u a l ly  produce a  la rg e  number o f  eg g s. C onversely, th o se  
la ck in g  a p e la g ic  s ta g e  o f  developm ent produce a d i s t i n c t l y  le s s e r  
number o f  eg g s. W ith in  a  community, p o p u la tio n s  o f  sp ec ie s  w ith  
e i th e r  type o f  developm ent f r e q u e n tly  do n o t show s ig n i f i c a n t  
f lu c tu a t io n s  i n  numbers from y ear to  y e a r . Even f o r  in v e r te b ra te s  
which o f te n  do show la rg e  annual f lu c tu a t io n s  i n  th e  s iz e  o f  the  
p o p u la tio n , as fo r  example clam s, m ussels and o y s te r s ,  th e  h ig h e s t 
d e n s i ty  o f  in d iv id u a ls  never approaches the  p o t e n t i a l  in d ic a te d  by  th e  
q u a n ti ty  o f  eggs p roduced . Davis and Chanley (1956) have shown th a t  
a s in g le  fem ale o y s te r  can produce as many as ijd.b m il l io n  eggs i n  one 
spawning and th a t  fem ales w i l l  spawn a  number o f  tim es d u rin g  one re p ro ­
d u c tiv e  seaso n . I n  th e  w a ters  o f  Long I s la n d  Sound, where a  r e g u la r  
annual spawning by  a d u l t  o y s te rs  i s  known to  o ccu r, heavy s e t s  o f  young 
o y s te r s  a re  in f re q u e n t and th e  most s u c c e s s fu l s e t s  never reach  th e  
p o s s ib le  maximum based  on egg p ro d u c tio n  (L oosanoff and Nomejko 1956). 
W hile i t  i s  p ro bab le  t h a t  some m o r ta l i ty  o ccu rs  a t  m etam orphosis o r  
im m ediately  fo llo w in g , th e re  appears l i t t l e  doubt t h a t  i t  i s  d u rin g
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th e  p e la g ic  e x is te n c e  t h a t  th e  g r e a t e s t  lo s s  o f  la rv a e  ta k e s  p la c e .
Such m o r t a l i ty  i s  u s u a l ly  c a l le d  l a r v a l  " w a s te ,"  a l th o u g h  t h i s  i s  
somewhat an th ro p o m o rp h ic .
No a cc u ra te  method has y e t been  dev ised  to  measure p la h k to n ic  
l a r v a l  m o r ta l i ty  as i t  o c cu rs . Thorson (19^6) has suggested  an 
in d i r e c t  method fo r  e s tim a tin g  th i s  m o r ta l i ty  which i s  a p p lic a b le  to  
d a ta  o b ta in ed  i n  th i s  s tu d y . His reaso n in g  i s  as fo llo w s : Some
c lo se ly  r e la te d  sp ec ie s  o f  m arine in v e r te b ra te s  may show c o n tra s tin g  
modes o f  l a r v a l  developm ent; i . e . ,  one sp ec ie s  w ith  p e la g ic  developm ent, 
an o th er sp ec ie s  w ith  n o n -p e lag ic  developm ent. When th ese  sp e c ie s  l iv e  
under s im ila r  environm ental c o n d itio n s , i t  seems a f a i r l y  sa fe  a s ­
sum ption t h a t  a f t e r  metamorphosis b o th  sp ec ie s  w i l l  have an equal 
o p p o rtu n ity  fo r  s u rv iv a l to  a d u lt  l i f e .  I f  i t  i s  known th a t  th e  a d u lt  
p o p u la tio n s  o f  bo th  sp ec ie s  show only  m oderate f lu c tu a tio n s  and th e  
number o f  eggs produced by a s in g le  female o f  each sp ec ie s  during  one 
b reed ing  season  can be determ ined , i t  should  be p o s s ib le  to  e s tim a te  
th e  lo s s  o f  in d iv id u a ls  i n  the  p lan k to n  fo r  the  sp ec ie s  w ith  p e la g ic  
la r v a e .  This lo s s  would be the  d if fe re n c e  i n  th e  number o f  eggs 
produced by the  two sp ec ie s  in  q u e s tio n  and would in c lu d e  th e  m o r ta l i ty  
from a l l  so u rces  (d is e a s e , s ta r v a t io n ,  consum ption by o th e r  an im als, 
e t c . ) .
Of th e  th r e e  s p e c ie s  s tu d ie d  h e r e in ,  P . t r i s e r i a t a  has a  non- 
p e la g ic  l a r v a l  developm ent, th e  la rv a e  m etam orphosing w i th in  the  egg 
c o l l a r .  The o th e r  two s p e c ie s ,  P . d u p l ic a tu s and P . h e ro s , have a  
p e r io d  o f  p e la g ic  l a r v a l  e x i s t e n c e .
S tu d ie s  by  T u rn er (u n p u b lish e d ) i n d i c a t e  t h a t  p o p u la tio n s  o f  P . 
d u p lic a tu s  a t  B a rn s ta b le  H arbor, M a ssa c h u se tts  do n o t f lu c tu a te
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ap p re c ia b ly  from year to  y e a r .  S tin so n  (19^6) and G ig l io l i  (19li9) 
have shown th a t  t h i s  i s  a lso  th e  case  f o r  p o p u la tio n s  o f  P . heros and 
P . t r i s e r i a t a  i n  so u th e rn  Canada. S ince th e  l a t t e r  two sp e c ie s  co­
e x i s t  a t  one o f  th e  Canadian s tu d y  a re as  (B e lliv eau  Cove, Nova S c o t ia ) ,  
th e y  are  exposed to  th e  same environm ental c o n d itio n s . A lthough 
c o -e x is te n c e  i s  n o t found to  th e  same e x te n t  f o r  P . heros and P . 
d u p l ic a tu s , th e re  are  a re a s ,  n o ta b ly  from Boston H arbor so u th  to  
Duxbury and Plymouth, M assach u se tts , where th e se  two sp ec ie s  do occur 
to g e th e r  i n  m oderate abundance. No mixed p o p u la tio n s  o f  P . t r i s e r i a t a  
and P. d u p lic a tu s  are  known to  the  a u th o r . Thus i t  would appear th a t  
th ese  th re e  sp ec ie s  s a t i s f y  T h o rso n 's  c r i t e r i a .
As in d ic a te d  in  Tables I4, 6 and 7, th e  average number o f  eggs 
p re s e n t  i n  the egg c o l la r  o f  th e se  sp ec ie s  i s  as fo llo w s:
Although the  ex ac t number o f  egg c o l la r s  th a t  are  produced by 
in d iv id u a l  fem ales o f  th e se  sp ec ie s  over one summer's spawning p e rio d  
i s  no t known, th e  in fo rm atio n  th a t  i s  a v a ila b le  in d ic a te s  th a t  in d iv id u a l 
fem ales o f  each sp ec ie s  produce approx im ate ly  the  same number o f  egg
above, su g g es t t h a t  som ething on th e  o rd e r  o f  2 to  ij egg c o l la r s  are  
produced by one fem ale du rin g  th e  summer re p ro d u c tiv e  p e r io d . A lthough 
s im ila r  d a ta  were no t o b ta in ed  fo r  P . heros and P . t r i s e r i a t a , c o l la r  
reco v ery  from spawning tan k s  in d ic a te d  th e  same o rd e r  o f  m agnitude o f  
egg c o l la r  p ro d u c tio n  by th e se  s p e c ie s .  I n  a d d it io n , th e  r e p o r ts  o f
W heatley (19U7) ,  Thurber (19149) and G ig l io l i  (191(9) show t h a t  c o l le c t io n s
P o lin ic e s  t r i s e r i a t a
P o lin ic e s  heros




c o l la r s  w ith in  a  se
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o f aclu lt p .  heros and P . t r i s e r i a t a  were n e a r ly  eq u a l f o r  both  sp e c ie s  
a t  B e lliv e a u  Cove, Nova S c o tia .  S im ila r  c o l le c t io n s  o f  egg c o l la r s  o f  
P . heros and P . t r i s e r i a t a , o b ta in ed  a t  th i s  same s t a t i o n  by  Larocque 
(19lj8), f u r th e r  in d ic a te  th a t  egg c o l la r s  o f  b o th  sp e c ie s  occur i n  
about eq u a l numbers. This su p p o rts  th e  co n ten tio n  t-hat no d is p ro p o r tio n  
e x is t s  i n  th e  number o f  egg c o l la r s  produced by  fem ales o f  e i t h e r  
s p e c ie s .
The v a rio u s  d a ta  m entioned above s tro n g ly  in d ic a te  t h a t  the  t o t a l  
number o f  egg c o l la r s  produced by  fem ales o f  th e  th re e  sp e c ie s  s tu d ie d  
i s  approx im ately  th e  same and th a t  i t  i s  p o s s ib le  to  co n sid e r th e  d i f f e r ­
ences i n  b i o t i c  p o te n t ia l  fo r  th e se  sp ec ie s  to  be re p re se n te d  by th e  
d if fe re n c e  i n  the  number o f  eggs d e p o s ite d  in  th e  egg c o l la r s  o f  each 
s p e c ie s .  Thus th e  average number o f  eggs p re s e n t i n  an egg c o l la r  o f  
P . heros (200,600) i n  c o n tra s t  to  the  average number o f  eggs p re s e n t 
i n  c o l la r s  o f  P . t r i s e r i a t a  (570) would in d ic a te  t h a t  a  lo s s  o f  ap p ro x i­
m ate ly  200,000 la rv a e  o f  P . heros occurs during  the p e rio d  o f  p e la g ic  
e x is te n c e . A s im ila r  com parison betw een P . d u p lic a tu s  (5*600 eggs p e r  
c o l la r )  and P . t r i s e r i a t a  (570 eggs p e r  c o l la r )  would in d ic a te  a  lo s s  o f  
approx im ate ly  5,000 la rv a e  o f  P . d u p lic a tu s  during  t h e i r  p e la g ic  l i f e .  
This re p re s e n ts  a lo s s  o f  la rv a e  o f  approxim ate ly  99 p e r  c e n t f o r  P . 
heros and 91 p e r  c e n t fo r  P . d u p l ic a tu s .
A ll th re e  P o lin ic e s  sp ec ie s  w i l l  presum ably face  s im ila r  f a c to r s  
o f  n a tu ra l  m o r ta l i ty  from metamorphosis th rough  a d u lt l i f e .  However,
P. t r i s e r ia t a , lack ing a p e la g ic  s ta g e , should m aintain a r e la t iv e ly  
constant population  l e v e l  sin ce  sm all d r i l l s  are re lea sed  from the egg 
c o lla r  near the same s i t e  a t  which th ey  were produced. Populations o f  
P. heros and P. du plicatu s c e r ta in ly  encounter a much more precarious
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e x is te n c e  . A sm all in c re a s e  i n  n a tu r a l  m o r ta l i ty  to  th e  p e la g ic  
la rv a e , 1 p e r  c en t f o r  P . heros and 9 p er c e n t fo r  P . d u p l ic a tu s , 
would r e s u l t  i n  the  lo s s  o f a com plete y e a r - c la s s  o f  in d iv id u a ls .
In  view o f t h i s  p o s s i b i l i t y ,  i t  i s  somewhat s u rp r is in g  t h a t  p o p u la tio n  
d e n s i t ie s  o f  th e se  two sp ec ie s  a re  f a i r l y  c o n s ta n t .  This m aybe 
in d ic a t iv e  o f r e l a t i v e l y  uniform  e c o lo g ic a l c o n d itio n s  to  which th e  
p e la g ic  la rv a e  are  exposed from y ear to  y ear o r  a b a lan ce  o f f a c to r s ;  
i . e . ,  a d ecrease  i n  p re d a tio n  by  zooplank ton  i s  a s s o c ia te d  w ith  a 
d ecrease  i n  p h y to p lan k to n  food a v a i la b le ,  p roducing  th e  same end 
r e s u l t .
B . The Food Problem o f  P e la g ic  Larvae
A c r i t i c a l  req u irem en t fo r  th e  s u rv iv a l  o f  h e rb iv o ro u s , p e la g ic  
la rv a e  i s  an adequate food supp ly  o f  p h y to p lan k to n . Such a food supp ly  
i s  u s u a lly  co n sid e red  from a q u a n t i ta t iv e  v iew po in t s in ce  s tu d ie s  o f 
th e  b a s ic  p ro d u c t iv i ty  o f a p a r t i c u la r  m arine environm ent in c lu d e  a l l  
sp e c ie s  o f phytop larik ton  p re s e n t .  Thus, th e  p resen ce  o f la rg e  numbers 
o f  s in g l e - c e l l  a lgae  i n  a r e l a t i v e l y  r e s t r i c t e d  a rea  o f  w a ter (commonly 
known as ".a bloom’1) i s  f re q u e n tly  ta k en  as ev idence o f  o p tim a l food 
c o n d itio n s  fo r  h e rb iv o ro u s la r v a e .
However, Thorson (19ho) has p o in te d  o u t th e  im portance o f th e  s iz e  
o f th e  v a rio u s  sp e c ie s  o f  a lgae  i n  re g a rd  to  th e i r  b e in g  u sab le  as food 
by  p la n k to n ic  la r v a e .  C onsidering p rosob ranch  la rv a e ,  he has concluded 
th a t  the  maximum d iam eter o f  an a lg a  th a t  can a c tu a l ly  be in g e s te d  i s  
w ith in  th e  range o f  5 to  U5 m ic ra . This i s  based  on measurements o f  
the  l a r v a l  esophagus and th e  a n te r io r  p o r t io n  o f  th e  d ig e s t iv e  t r a c t  
o f  a  la rg e  number o f  s p e c ie s . C i l ia r y  c u rre n ts  alone seem to  be 
re sp o n s ib le  fo r  th e  movement o f in g e s te d  a lg ae  through th e se  p o r tio n s
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o f the  l a r v a l  d ig e s t iv e  system . Thorson su g g es ts  t h a t  th e  a c t io n  o f 
th e  c i l i a  i s  impeded o r  s topped  i f  p a r t i c l e s  o f  a la r g e r  d iam eter 
th an  these  a re  consumed i n  any q u a n ti ty .
R ecen t fe e d in g  s tu d ie s  w ith  clam and o y s te r  la rv a e  (D avis and 
G u i l l a r d  1 9 5 8 ), u s in g  a  number o f  p u re  a l g a l  c u l tu r e s  as fo o d s , 
showed a  c o n s id e ra b le  d i f f e r e n c e  i n  th e  r a t e  o f  l a r v a l  grow th 
depending  on w hich s p e c ie s  o f  a lg a  was f e d  t o  th e  l a r v a e .  T h e ir  
ex p erim en ts  a ls o  su g g e s t t h a t  much o f  t h i s  d i f f e r e n c e  i n  food  v a lu e  
may be a t t r i b u t e d  to  d i f f e r e n c e s  i n  th e  t o x i c i t y  o f  m e ta b o li te s  
p roduced  by th e  a l g a e . A lthough  t h e i r  ex p erim en ts  d id  n o t  con­
c lu s iv e ly  d em o n stra te  i t ,  th e s e  a u th o rs  c o n s id e r  t h a t  su ch  to x ic  
m e ta b o li te s  may be r e ta in e d  i n  th e  a lg a e ,  r a t h e r  th a n  b e in g  r e le a s e d  
in t o  th e  w a te r ,  and thus a f f e c t  th e  la rv a e  o n ly  a f t e r  th e  a lg a e  a re  
in g e s t e d .
The to x ic  e f f e c t  to  f i s h  o f h ig h  c o n ce n tra tio n s  o f  m e ta b o lite s  
produced by th e  d in o f la g e l la te ,  Gymnodinium b r e v is , i s  known from 
f i e ld  o b se rv a tio n s  (G unter, e t  a l . ,  191(0) and has been dem onstrated  
i n  th e  la b o ra to ry  (Ray and W ilson 1957)* There i s  no d i r e c t  evidence 
fo r  s im ila r  m o r ta l i t ie s  to  p o p u la tio n s  o f zooplarikton i n  the  s e a , b u t  
W ilson (1958) and Loosanoff (1958) have re p o r te d  s tu d ie s  w hich
c e r ta in ly  a re  su g g es tiv e  o f  such a mechanism.
The feed in g  s tu d ie s  w ith  la rv a e  o f P . heros and p . d u p lic a tu s
d id  show a d if fe re n c e  i n  food value  fo r  the  fo u r  sp ec ie s  o f  a lg a  t h a t
were u sed . Larvae fed  on Phaeodactylum trico rn u tu m  e x c lu s iv e ly  d id  
no t su rv iv e  to  metam orphosis and showed o n ly  s l i g h t  grow th. S ince 
P* trico rn u tu m  has been  used s u c c e s s fu l ly  a t  W .H .O.I. to  r e a r  o th e r  
prosobranch  la rv a e  (Scheltem a 1956) as w e ll as pelecypod la rv a e
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(T urner and George 1955), i t  d id  no t appear th a t  a  to x ic  m e ta b o lite  was 
in v o lv e d . The d if fe re n c e  i n  s iz e  o f  P . tr ico rn u tu m , 3 x 30 m ic ra , as 
compared w ith  I s o c h ry s is ga lb an a , 3 x 5  m iera , ( th e  on ly  s in g le  a lg a l  
sp e c ie s  which r e s u l te d  in  th e  su c c e ss fu l re a r in g  o f  P . heros la rv a e  to  
m etam orphosis) favored  the  p r o b a b i l i ty  t h a t  P o lin ic e s  la rv ae  cou ld  not 
in g e s t  s u f f i c i e n t  numbers o f P . tr ico rn u tu m  to  p rov ide  an adequate 
amount o f  food. The fa c t  th a t  N annochloris atomus, a lso  m easuring 
3 x 5  m icra , proved to  be the  second b e s t  a lg a  i n  food va lue  ( la rv ae  
o f  P . d u p lic a tu s  developed to  th e  l a t e  p ed o v e lig e r s tag e  when fed  on 
t h i s  sp ec ie s  e x c lu s iv e ly )  fu r th e r  supports  th e  p r o b a b i l i ty  th a t  the  
s iz e  o f  th e  a lg a  used was o f  prime im portance .
W hether due to  s iz e ,  harm ful m e ta b o lite s  or o th e r  f a c to r s ,  an a lg a l  
sp ec ie s  which shows a h igh va lue  as a food fo r  some p la n k to n ic  la rv ae  i s  
by  no means a u n iv e r s a l ly  "good” l a r v a l  food as shown by the r e s u l t s  o f 
th e  l a r v a l  feed in g  ex p erim en ts . This i s  supported  by  su c c e ss fu l re a r in g  
o f o th e r in v e r te b ra te  la rv a e  w ith  P. tr ico rn u tu m , as m entioned above.
In  a d d it io n , b o th  K. atomus and D u n a lie lla  eu ch lo ra  gave b e t t e r  r e s u l t s  
w ith  P o lin ic e s  la rv a e  th an  when th ey  were used as food fo r  clam and 
o y s te r  la rv a e  (Davis and G u illa rd  1958).
The food problem fo r  re a r in g  p la n k to n ic  la rv a e  o f m arine in v e r te ­
b r a te s  i s  o f g re a t  im portance to  th e  advancement o f m arine eco logy . We 
a re  i n  need o f  more la b o ra to ry  s tu d ie s  to  ev a lu a te  pure and b a c te r ia -  
f r e e  a lg a l  c u ltu re s  as food fo r  la rv a e  o f o th e r  in v e r te b ra te  g roups.
We a lso  need complemental f i e ld  s tu d ie s  to  determ ine what sp ec ie s  o f 
a lg ae  a re  a c tu a l ly  p re se n t i n  th e  l a r v a l  environm ent and th e i r  abundance 
and sea so n a l f lu c tu a t io n s .  This in fo rm a tio n  i s  e s s e n t ia l  b e fo re  we can 
ex p ec t to  d isco v e r the ro le  t h a t  a lg a l  food p lays i n  the  su c c e ss fu l
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e x is te n c e  o f p la n k to n ic  l a r v a l  s ta g e s .
C. The L im iting  E f fe c t  o f W ater Tem perature on the  D is t r ib u t io n  
o f P o lin ic e s
H utchins (19ih7) has g iven  a lucid , e x p la n a tio n  o f  how w a te r 
tem peratu re  a f f e c t s  the  n o rth -so u th  d i s t r i b u t io n  o f m arine i n t e r t i d a l  
in v e i-b e b ra te s . He l i s t s  fo u r c r i t i c a l  tem pera tu re  c o n d itio n s  which 
can a c t  as d i s t r ib u t io n a l  b o undaries  fo r  such organism s . These a r e :
1 . Minimum tem peratu re  fo r  s u rv iv a l  -  W inter polew ard boundary.
2 e Minimum tem peratu re  f o r  re p o p u la tio n  - Summer polew ard boundary.
3 .  Maximum tem perature  fo r  re p o p u la tio n  -  Summer equatorw ard  boundary .
I). Maximum tem perature  fo r  s u rv iv a l  -  Summer equatorw ard boundary.
The d i s t r ib u t io n  l im i t s  f o r  a s in g le  s p e c ie s , polew ard o r  e q u a to r­
w ard, w i l l  obv iously  depend on w hether the  c r i t i c a l  s u rv iv a l  tem peratu re  
o r  re p o p u la tio n  tem peratu re  would be exceeded by  any movement o f the  
sp ec ie s  o u t o f  i t s  normal ra n g e .
S ince d a ta  were o b ta in ed  during  th i s  s tu d y  on the e f f e c t  of low 
sea  w ater tem pera tu res  on re p ro d u c tio n  as w e ll as egg and l a r v a l  
developm ent, i t  i s  o f i n t e r e s t  to  app ly  t h i s  tow ard a  p o s s ib le  
e x p lan a tio n  o f  th e  polew ard d i s t r ib u t io n  o f  P o l in ic e s . Only P . d u p l i ­
c a t e , which has i t s  n o rth e rn  boundary a t  Boston H arbor, M assachusetts, 
i f i l l  be considered  s in ce  m ost o f  th e  exp erim en ta l work was done on t h i s  
s p e c ie s .
P revious re se a rc h  (Hanks 1952, 1953) has shown t h a t  sea  w ater 
tem pera tu res down to  and in c lu d in g  2° C. were n o t l e t h a l  to  a d u l t  P . 
d u p l i c a t e  over a p e r io d  o f  exposure o f  about 1 month. Hox^ever, 
d r i l l s  o f  th i s  s p e c ie s , m a in ta ined  in  ex p erim en ta l ta n k s , d id  n o t fe ed  
a t  sea  w a ter tem p era tu res  o f 5° and 2° C. over a  p e r io d  o f  about 6 w eeks.
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Since P . heros d id  feed  a t  a  w a te r tem pera tu re  o f  2° C ., i t  appeared  
th a t  w hile  t h i s  tem peratu re  was n o t l e t h a l  to  P . d u p l ic a tu s , i t  would 
s e t  some l im i t a t i o n  i n  term s o f feed in g  to  th e  n o r th e rn  boundary o f  
the  s p e c ie s .  One would ex p ec t t h i s  to  occur a t  a p o in t  where th e  low 
tem p era tu re  l im i t a t i o n  on feed in g  was o f  s u f f i c i e n t  d u ra tio n  to  cause 
s ta r v a t io n  m o r t a l i t i e s . However, s in ce  p . d u p lic a tu s  d id  su rv iv e  
w ith o u t food fo r  a p e r io d  about eq u a l to  the n a tu ra l  'w in ter p e r io d  o f 
w a ter tem peratu re  l e s s  th a n  5° 0 . i n  th e  a re a  o f  so u th e rn  New England, 
i t  does n o t appear t h a t  th i s  f a c to r  alone would s e t  th e  n o rth e rn  
boundary fo r  th e  sp e c ie s  a t  B oston H arbor.
The n ex t c o n s id e ra tio n  i s  th e  e f f e c t  o f  low tem p era tu res  on 
re p ro d u c tio n . P ie ld  o b se rv a tio n s  in d ic a te d  th a t  egg c o l la r s  were not 
produced by p . d u p lic a tu s  when sea  w a ter tem p era tu res  dropped below 
17° C. T his r e s t r i c t s  the  rep ro d u c tiv e  p e r io d  i n  w a ters  along th e  
c o a s t o f  so u th e rn  M assachusetts  to  about 3 months . However, the 
c o a s ta l  w aters  n o rth  o f  B oston have p ro g re s s iv e ly  s h o r te r  p e rio d s  
when tem p era tu res  a re  above 17° C. Thermograph rec o rd s  f o r  1958, 
k ep t a t  the  U. S . Bureau o f  Commercial f i s h e r i e s  L ab o ra to ry  a t  
Boothbay H arbor, Maine (Hanks, R. vi. ,  p e rso n a l communication) , show 
th a t  th e  sea  w a ter tem peratu re  a t  t h e i r  dock reach es  a d a i ly  maxima 
o f  17° to  18° C. and d a ily  minima betw een 12° and II40 C. d u rin g  J u ly  
and A ugust. On no o cca s io n  d id  a d a i ly  average w a te r tem pera tu re  
exceed 16.2° C. i n  th e  summer o f  t h a t  y e a r .  Tem perature reco rd s  
o b ta in e d  on an i n t e r t i d a l  f l a t ,  w ith  the  therm ograph b u lb  p laced  a 
few inches in to  the  su b stra tu m , a lso  showed a few d a i ly  maxima o f  
18° to  22° C. (reco rd ed  a t  low t id e  when th e  f l a t  was exposed to  d i r e c t  
s u n lig h t)  and d a i ly  minima betw een 10° to  13° C. Thus a t  a p o in t  somewhat
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n o rth  o f  B oston Harbor one would ex p ec t th e  p e r io d  o f  17° C. w a ter 
tem pera tu re  to  be in s u f f i c i e n t  to  i n i t i a t e  th e  re p ro d u c tiv e  p ro cess  
and f o r  egg c o l la r s  to  be produced. T h is would be the  n o rth e rn  
boundary fo r  re p ro d u c tio n .
EL nally , th e re  i s  th e  c o n s id e ra tio n  o f  th e  e f f e c t  o f  low w a te r 
tem peratu re  on the development o f  eggs and la rv a e  o f  p . d u p l ic a tu s , 
as w e ll  as the  to le ra n c e  o f  the  p e la g ic ,  v e l ig e r  la rv a e  to  such 
tem peratu re  l e v e l s .
In  exp erim en ta l s tu d ie s ,  developm ent o f  eggs th rough  cleavage 
s ta g e s  to  v e l ig e r  la rv a e  occurred  a t  f iv e  d i f f e r e n t  tem p era tu res  from 
15° to  2° C ., even though th e  r a t e  o f  developm ent was co n s id e ra b ly  
slowed a t  tem pera tu res  below 12° C. V e lig e r  la rv a e  were no t r e le a s e d , 
however, from egg c o l la r s  m ain ta ined  a t  w ater •tem peratures below 10° C.
Although la rv a e  o f  P . d u p lic a tu s  d id  n o t metamorphose a t  any sea 
w ater tem perature to  which they  were exposed, no ev idence  was o b ta in ed  
th a t  low tem p era tu res  were l e th a l  to  th e  v e l ig e r  s ta g e s .  V e lig e rs  
th a t  were re le a s e d  from egg c o l la r s  m ain ta ined  a t  tem p era tu res  
betw een 15° and 11.7° C. swam a c t iv e ly  and fe d  on th e  added p h y to - 
p la h k to n . However, th ese  la rv a e  had a slow er r a t e  o f  developm ent a t  
th e se  tem peratu re  le v e ls  as shown by th e  sm all amount o f  new s h e l l  
added i n  com parison w ith  la rv a e  re a re d  a t  18° to  20° C.
From th e  d a ta  a v a i la b le ,  i t  appears t h a t  th e  p e r io d  o f  minimum 
summer tem perature  n ecessa ry  fo r  re p ro d u c tio n  e x e r ts  th e  m ost 
in f lu e n c e  on th is  sp ec ie s  in  s e t t in g  th e  n o rth e rn  boundary l im i t .
A dult P . d u p lic a tu s  can l iv e  throughout th e  annual range o f  sea  w a ter 
tem peratu re  o c cu rrin g  i n  th e  New England a re a . Eggs w i l l  develop  to  
v e l ig e r  la rv a e  and th e se  la rv a e  can l iv e  and feed  a t  w a ter tem pera tu res
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c o n s id e ra b ly  le s s  th a n  those  a t  which th e y  n a tu r a l ly  occu r i n  the 
f i e l d .
Under n a tu ra l  f i e l d  c o n d itio n s , the  f a c t  t h a t  P . d u p lic a tu s  
does n o t produce egg c o l la r s  a t  w a te r tem peratu res below 17° C. 
would appear to  l im i t  any perm anent n o rth e rn  ex ten s io n  o f  th i s  
sp e c ie s  to  a reas  where t h i s  tem pera tu re  does no t p r e v a i l  over a
number o f weeks during  th e  summer. However, th i s  tem peratu re  l im i­
t a t i o n  does no t e x p la in  th e  r a th e r  sharp  n o rth e rn  boundary a t
B oston H arbor. O ther c o n tr ib u tin g  environm ental f a c to r s  need to  be
determ ined b e fo re  such g eo g rap h ica l boundaries a re  f u l l y  unders to o d .
As D r. A lfred  C. Red f ie  Id , VJ.H.O.I. and Harvard U n iv e rs ity , 
has reminded the au th o r on numerous o ccasio n s, "A ll o f  the  answers 
a re  a v a i l a b le . I t  rem ains fo r  the  m arine b io lo g is t  to  ask n a tu re  the 
r i g h t  q u e s tio n s ."
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s e c t io n  V I .
SUMMARY OF PRINCIPAL RESULTS
1 . The normal b reed in g  season  o f  P o lin ic e s  d u p lic a tu s  (Say) i s  from 
June through August when the sea  w a ter tem peratu re  i s  above 17 ° C ., 
a lthough  egg c o l la r s  have been observed as e a r ly  as A p r i l  l l i th  i n  
c e r ta in  shallow , p ro te c te d  w a te r s .
2 . A lthough m ating by P. d u p lic a tu s  i s  g e n e ra lly  a n o c tu rn a l and 
su b su rface  a c t i v i t y ,  d iu rn a l and su rfa ce  m atings were observed i n  th e  
la b o ra to ry .
3 .  Egg c o l la r s  o f  P . d u p lic a tu s  are  formed i n  t h e i r  complete w idth  
and g iven  th e i r  c h a r a c te r i s t i c  shape as they  are  produced; the  eggs a re  
d e p o sited  in  the  c o l la r  i n  a con tinuous, g e la tin o u s  co rd . A lthough egg 
c o l la r s  o f  P . d u p lic a tu s  are g e n e ra lly  d i s t in c t iv e  fo r  t h i s  sp e c ie s , 
c o l la r s  o f  a b e rra n t shape do occur th e reb y  in v a l id a t in g  id e n t i f i c a t i o n  
from e x te r n a l  c h a r a c te r i s t i c s  a lo n e .
I4. Under la b o ra to ry  c o n d itio n s , P . du p lic a tu s  can produce egg c o l la r s  
from th e  middle o f A p r i l  to  the  middle o f  December over th e  range o f  
sea  x-jater tem peratu re  from 22° C. to  o° C.
5 .  Gonads o f  m ature p . d u p lic a tu s  c o n ta in  ova o r sperm atozoa throughout 
the  annual sea  w a ter tem peratu re  c y c le , even though b reed in g  and egg 
c o l la r  p ro d u c tio n  i n  th e  f i e l d  i s  r e s t r i c t e d  to  th e  warmer months o f  the  
y s  3JT •
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6 . P o p u la tio n s  o f 2$ to  30 P. d u p l ic a tu s , m ain ta in ed  a t  a s e a  w a ter 
tem peratu re  o f 18° to  20° C. and p ro v id ed  w ith  an  adequate supp ly  o f 
food* w i l l  b reed  and produce egg c o l la r s  th roughou t th e  y e a r .  S im ila r  
groups o f  t h i s  s p e c ie s ,  talcen from sea  w a te r tem p era tu res  as low as
2° C. and b rough t s lo w ly  to  18° to  20° C. w a te r , w i l l  commence feed in g  
a f t e r  1 day and produce egg c o l la r s  a f t e r  10 to  12 d a y s .
7 . Egg c o l la r s  o f  P . d u p lic a tu s  have g e la t in o u s  capsu les  m easuring 
200 to  250 m icra  i n  d iam e te r , each o f  which c o n ta in s  1 egg; th e  
average number o f  eggs p e r  c o l la r  i s  5600. C o lla rs  o f P o lin ic e s  
heros (Say) have cap su les  m easuring 12$ to  800 m icra i n  d iam eter and 
can c o n ta in  from 21 to  If8 eggs p e r c ap su le ; th e  average number o f  eggs 
p e r c o l la r  i s  200,600. C o lla rs  o f P o lin ic e s  t r i s e r i a t a  (Say) have 
capsu les m easuring 850 to  1080 m icra  i n  d iam eter which c o n ta in  1 egg 
p e r  capsu le  ( r a r e ly  2 o r  3 ) ;  the  average number o f  eggs p e r  c o l la r  i s  
$10 .
8 . As measured from th e  fo rm ation  o f th e  f i r s t  p o la r  lo b e , th e  tim e o f  
developm ent o f  eggs and la rv a e  o f P . d u p lic a tu s  a t  a w a te r tem pera tu re  
o f  18° to  20° C. i s  about 12|- hours fo r  cleavage th rough  th e  1 6 - c e l l  
s ta g e , about 26 hours f o r  th e  appearance o f a c i l i a t e d  tro ch o p h o re ,
2 to  3 days f o r  the  s h e l le d  v e l ig e r  s ta g e , and 10 to  12 days fo r  th e  
r e le a s e  o f  th e se  la rv a e  from the  c o l l a r .
9 • Nurse eggs a re  n o t p re s e n t i n  cap su le s  o f  th e  egg c o l l a r  o f  P . h e ro s .
10 . Both P . dup l ic a tu s  and p . he ro s  have a p e la g ic ,  h e rb iv o ro u s  l a r v a l  
s tag e  fo llo w in g  r e le a s e  from th e  egg c o l l a r .  Development o f  eggs and 
la rv a e  to  m etam orphosis i s  com pleted w ith in  th e  egg c o l l a r  o f  P .
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t r i s e r i a t a ; t o t a l  tim e from p ro d u c tio n  o f  the  c o l la r  to  re le a s e  o f 
metamorphosed d r i l l s  from the  c o l l a r  i s  about $6 days a t  a  sea  w a te r 
tem pera tu re  o f  18° to  20° C.
11 . E x p e rim e n ta l d a ta  in d i c a te  t h a t  egg c o l l a r s  o f  P. d u p lic a tu s  
d i s in t e g r a t e  as a  r e s u l t  o f  ex posu re  to  s e a  w a te r  f o r  c e r t a i n  p e r io d s  
o f  tim e depending  on th e  w a te r  te m p e ra tu re .  No ev id en ce  was o b ta in e d  
t h a t  d ev e lo p in g  la rv a e  in f lu e n c e d  th e  breakdow n o f  th e  c o l l a r .
12. Egg c o l la r s  produced i n  th e  la b o ra to ry  a t  sea  w a ter tem peratu res  
o f  l l | .8 ° ,  1 1 .7 ° , 9*9°, 7 °5°, and 6 .0 °  C. a l l  showed normal developm ent 
o f  eggs and la rv a e  when b rought slow ly  to  a w a ter tem pera tu re  o f  18° 
to  20° C.
13• The lo w est sea  w a te r tem peratu re  a t  which an egg c o l l a r  was 
m ain ta ined  th roughou t th e  developm ental p e r io d  u n t i l  v e l ig e r  la rv a e  
were re le a s e d  was 11,7° C.
i l l .  A lthough egg c o l la r s  o f  P . d u p lic a tu s  m ain ta ined  a t  sea  w ater 
tem p era tu res  below 10° C. showed development o f  eggs to  v e l ig e r  la rv a e , 
re le a s e  o f th e se  la rv a e  d id  n o t take  p la ce  w ith in  a  p e r io d  o f  one month. 
However, th e se  la rv a e  were re le a s e d  from th e  c o l la r  w ith in  12 hours when 
th e  c o l la r  was b rough t slow ly to  a w a ter tem peratu re  o f 1.3° C.
1$ . P e la g ic  la rv a e  o f  b o th  P . d u p lic a tu s  and P . heros feed  on p h y to ­
p lan k to n  as scon  as th e y  a re  re le a s e d  from th e  egg c o l la r ;  in  th e  absence 
o f s u f f i c i e n t  a lg a l  food , th e  la rv a e  d ie  w ith in  2l| to  ij8 h o u rs .
16 . L arvae o f  b o th  P . d u p l ic a tu s  and p .  h e ro s  showed o b se rv a b le  depo­
s i t i o n  o f  new s h e l l  w i th in  two days a f t e r  r e le a s e  from  th e  egg c o l l a r ;
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s h e l l  was added a t  a r a te  o f 3 to  5 m icra  fo r  a lt-day p e rio d  o f growth 
a t  18° to  20° C.
- - 17 . Of th e  fo u r sp ec ie s  o f  a lgae used  i n  l a r v a l  feed in g  s tu d ie s .  
I so c h ry s is galhana proved to  be th e  b e s t  food i n  term s o f  l a r v a l  
growth. A mixed a lg a l  food, c o n s is tin g  o f  eq u a l amounts o f Phaeodactylum 
trico rn u tu m  and I .  g a lb ana, produced th e  g r e a te s t  number o f m eta­
morphosed la rv a e  o f  P . heros when fed  to  v e l ig e r s  which had p re v io u s ly  
been fed  fo r  13 days on only  I -  g a lb a n a .
18 . The a d d itio n  o f  a n t ib io t i c s ,  F e n ic i l l i n  G. (C ry s ta l l in e  Potassium ) 
and D ihydrostrep tom ycin  su lp h a te , to  l a r v a l  c u ltu re s  r e s u l te d  in  a 
lo n g er s u rv iv a l  o f  v e l ig e r  la rv a e  o f  P . d u p lic a tu s  and P . hero£  as 
compared w ith  u n tre a te d  c o n tro l c u l tu r e s .
19* The le n g th  o f  p e la g ic  l a r v a l  e x is te n c e  o f  P . he r o s , from th e  tim e 
o f  emergence from th e  egg c o l la r  to  m etam orphosis, i s  about 30 days, 
when m ain ta ined  i n  la b o ra to ry  c u ltu re s  a t  a sea  w ater tem peratu re  o f  
18° to  20° C. The r e c e n t ly  metamorphosed P. heros measure 0 .3  to  0 .7  mm. 
in  s h e l l  le n g th .
20 . The p e la g ic  l a r v a l  p e rio d  o f  P . d u p lic a tu s  was n o t determ ined 
s in ce  no la rv a e  metamorphosed in  s p i te  o f exp erim en ta l e f f o r t s  to  induce 
metamorphosis w ith  d i f f e r e n t  s u b s t r a ta  and the  p resence  o f a food s p e c ie s ,  
Gemma. P ed o v e lig e rs , which were s im i la r  to  those o f P . heros j u s t  p r io r  
to  m etam orphosis, were p re se n t a f t e r  about 30 days a t  a sea  w ater 
tem peratu re  o f  18° to. 20° C.
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21. Both r e c e n t ly  metamorphosed p . heros and P. t r i s e r i a t a  a re  o b lig a te  
ca rn iv o re s  and appear to  use sm all pelecypods and gastropods as t h e i r  
m ain source o f food . I t  was found th a t  a young d r i l l  could consume a 
s in g le  clam. Gemma gemma, in  from 2 to  3 hours a t  a  sea  w a ter tem per­
a tu re  o f  18° to  20° C.
22. The average fe e d in g  r a t e  f o r  r e c e n t ly  metamorphosed P. t r i s e r i a t a 
i s  1 .9  clams p e r  d r i l l  p e r day, as determ ined  ex p erim en tly  a t  a sea  
w a ter tem peratu re  o f 18° to  20° C.
23. E xperim en ta l growth s tu d ie s  w ith  ju v e n ile  P. heros (6 .0  to  8 .0  mm. 
o p e rc u la r  le n g th )  in d ic a te  a r a t e  o f  growth o f  2.14 mm. o f new s h e l l  
d e p o sited  p e r  month during  the  summer when sea  w ater tem peratu res range 
from about 13° C. to  22° C. and a r a t e  o f 0 .5  mm. p e r  month during  the  
rem ainder o f th e  year when w a te r tem pera tu res range from l e s s  th an
15° C. down to  2° C ., a l l  under op tim al food c o n d itio n s .
2li. E xperim ental growth s tu d ie s  w ith  ju v e n ile  ? .  d u p lic a tu s  (6 .0  to  
8 .0  ram. o p e rc u la r  le n g th ) in d ic a te  a r a te  o f  growth o f 1 .5  mm. o f  new 
s h e l l  d ep o s ited  p e r  month under o p tim al food co n d itio n s  and a t  a sea  
w ater tem peratu re  o f  18° to  20° C.
25* E xperim enta l s tu d ie s  in d ic a te  t h a t  female P. d u p lic a tu s  reach  
sex u a l m a tu r ity  a t  12 mm. o p e rc u la r  le n g th  and th a t  m ales o f t h i s  
sp ec ie s  reach  sex u a l m a tu rity  a t  11 mm. o p e rc u la r  le n g th . However, 
f i e l d  o b se rv a tio n s  su g g est t h a t  re p ro d u c tio n  i s  no t common among d r i l l s  
a t  t h i s  s iz e  l e v e l .
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26. E xperim enta l growth s tu d ie s  w ith  newly re le a s e d  P . t r i s e r i a t a  
in d ic a te  a r a t e  o f  growth o f  approx im ate ly  3 .0  mm. o f  new s h e l l  
d ep o s ited  o ver about a 10-week p e rio d  a f t e r  r e le a s e  from th e  egg 
c o l la r  under op tim al food c o n d itio n s  and a t  a sea  w a te r tem perature  
o f  18° to  20° C.
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APPENDIX I .
CULTURE METHODS EOR MARINE AIGAE
A lthough growing a lg a l  c u l tu r e s ,  p e r  s e , was no t a s p e c i f ic  aim 
o f  th e  re se a rc h  here  r e p o r te d , i t  d id  assume a m ajor ro le  in  o b ta in in g  
the in fo rm a tio n  d e s ir e d . An adequate source o f  a lgae i s  the  f i r s t  
problem  to  be met by  any b io lo g is t  in te r e s t e d  i n  re a r in g  la rg e  numbers 
o f  p la n k to n ic  la rv a e  o f  m arine i n v e r t e b r a te s . Thus i t  seems o f  
p a r t i c u la r  v a lu e  to  co n sid er the  b a s ic  equipment and tech n iq u es  used 
in  growing la rg e  q u a n t i t ie s  o f  a lgae  i n  th e  la b o ra to ry .
The fo llow ing  in fo rm a tio n  i s  drawn from many so u rc e s . I t  does, 
however, make use o f  p e rso n a l experience  i n  m ain ta in in g  c u ltu re s  o f  a 
number o f  a lg a l  sp ec ie s  over a tw o-year p e r io d . I t  i s  in ten d ed  
p r im a r i ly  as an  a id  to  o th e r  workers in  growing c u ltu re s  and i n  avoiding 
some o f  the  d i f f i c u l t i e s .
The s iz e  o f  th e  c u ltu re  to  be grown i s  governed p r im a r i ly  by the 
q u a n t i ty  o f a lgae  th a t  w ill, be needed fo r  the  d a i ly  feed ing  o f l a r v a e .
I t  i s  p o s s ib le  to  draw o f f  about o n e -h a lf  o f  a c u ltu re  each day, add an 
eq u a l amount o f  f r e s h  n u t r i e n t  medium and have the  c u ltu re  r e tu r n  to  i t s  
i n i t i a l  c e l l  d e n s ity  w ith in  2lt hours (see  Ketchum and R ed fie ld  1938).
I f  more th an  o n e -h a lf  o f  the  c u ltu re  i s  used d a i ly  o r  a 2lh-hour growth 
p e r io d  between use i s  not f e a s ib le ,  i t  i s  n ecessa ry  to  m a in ta in  two o r 
more c u l tu r e s . A lte rn a te  use  o f th e se  allow s the  n ecessa ry  growth 
p e rio d  fo r  m a in ta in in g  a  h igh  c e l l  d e n s i ty .
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Ehrlenm eyer f la s k s  o f  from 5 to  8 l i t e r  c a p a c ity  o r  5 g a llo n , 
w ide-m outh, pyrex carboys are  s a t i s f a c to r y  c u ltu re  c o n ta in e rs  b o th  
fo r  s iz e  and convenience. To allow  fo r  maximum photo s y n th e t ic  and 
re p ro d u c tiv e  a c t i v i t y ,  a lg a l  c u ltu re s  need some continuous source  o f 
l i g h t .  A f lo u re s c e n t l i g h t  i s  adequate fo r f la s k  c u l tu r e ,  p a r t i ­
c u la r ly  when supplem ented by aluminum f o i l  r e f l e c to r s  to  l i g h t  a l l  
s id e s  o f  th e  c u l tu r e .  However, such e x te r n a l  l ig h t in g  i s  n o t adequate 
fo r  o b ta in in g  a h igh c e l l  d e n s ity  o f  a lgae  when carboys a re  u se d . An 
e f f i c i e n t  l i g h t  source f o r  carboy c u ltu re s  i s  a g la s s  U-tube o f re d , 
neon gas so co n stru c te d  th a t  i t  can be p la ce d  in s id e  the  carboy .
Compared w ith  most types o f  l i g h t  so u rc e s , neon tubes ra d ia to  very  
l i t t l e  h e a t .  The u n i t  i s  en c lo sed  i n  a pyrex  t e s t  tube which i s  
in s e r te d  in to  the  c u ltu re  through th e  mouth o f  the  carboy- A lthough i t  
i s  n ecessa ry  to  have a c u rre n t tran sfo rm er to  o p e ra te  such a u n i t ,  
l ig h t in g  th e  c u ltu re  from th e  c en te r  i n  th i s  manner g ives much b e t t e r  
r e s u l t s .
S ince most a lg a l  sp ec ie s  so f a r  used fo r  mass c u ltu re s  grow b e s t  
a t  tem pera tu res between 15° and 18° C ., i t  i s  u s u a lly  n ecessa ry  to  
provide some method fo r  coo ling  th e  c u l tu r e s . This can be accom plished 
by  having th e  c u ltu re  c o n ta in e r  s i t t i n g  i n  a running  fre sh -w a te r  b a th  
when tap  w ater tem pera tu res a re  s u f f i c i e n t ly  low ,by m a in ta in in g  c u ltu re s  
i n  a room where a i r  co n d itio n in g  i s  a v a i la b le ,  o r by keeping  c u ltu re s  in  
some type o f  r e f r ig e r a te d  w a te r b a th . Even though in te r n a l  neon l i g h t  
u n i ts  produce a  minimum o f  h e a t ,  i t  i s  a d v isa b le  to  d i r e c t  a flow o f  
fre sh  w a te r around th e  tube to  a s s i s t  i n  keep ing  th e  tem pera tu re  o f  
th e  c u ltu re  w ith in  the d e s ire d  ra n g e .
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I n  o rd e r  to  supp ly  a continuous source o f  carbon f o r  a lg a l  
grow th, compressed a i r ,  co n ta in in g  the  normal complement o f  carbon 
d io x id e , i s  bubbled in to  th e  bottom  o f  the  c o n ta in e r .  This a lso  
se rv es  to  keep the  c u ltu re  s t i r r e d  and p re v e n ts  any s e t t l i n g  o f th e  
a lg a l  c e l l s .  An open-end g la ss  tube i s  adequate fo r  t h i s  p u rp o se . 
A e ra tio n  s to n es  should  be avoided s in ce  th ey  ten d  to  c o l l e c t  a film  
o f  p la n t  l i f e  and become c logged . The compressed a i r  shou ld  be 
passed  th rough  a c o tto n  f i l t e r  to  p re v e n t o i l  d ro p le ts  and o th e r  
fo re ig n  m a te r ia ls  from contam inating  the  c u l tu r e . I t  i s  p o s s ib le  
to  o b ta in  a growth approaching th e  maximum c e l l  d e n s ity  by bubb ling  
carbon d iox ide  in to  th e  c u ltu re  i n  p lace  o f  compressed a i r  (Burlew 
1 9 5 3 ). However, t h i s  procedure i s  r e l a t i v e l y  expensive and would 
p robab ly  be o f  advantage on ly  when d ea lin g  w ith  an a lg a l  sp ec ie s  th a t  
does no t respond w e ll to  th e  u su a l m ethods.
F ig u res  3 and 9 show th e  s tan d a rd  c u ltu re  arrangem ent used  fo r  
th i s  s tu d y  and a breakdown o f  th e  equipment in v o lv e d . S c o t t  (19^3) 
f ig u re s  such a c u ltu re  arrangem ent and g ives some d is c u s s io n  o f 
methods fo r  mass c u ltu r in g  a lg a e .
There are two methods in  g e n e ra l use fo r  growing c u ltu re s  o f  
m arine a lg a e . One method uses n a tu r a l  sea  w a te r e n rich ed  w ith  added 
n u t r ie n t  s a l t s ,  e t c .  The o th e r method u ses a r t i f i c i a l  sea  w ater 
a lso  en rich ed  w ith  n u t r i e n t s .  These methods have developed from the  
s tu d ie s  o f  A llen  and N elson (1910) as a m o d if ic a tio n  o f  methods fo r  
f re sh -w a te r  a lg a l  c u ltu re  s e t  down by M iquel (1 8 90-93 ). They have 
been  improved on c o n sid e rab ly  i n  re c e n t  years b y  mici’o b io lo g is ts  
s tu dy ing  th e  p h ysio logy  o f  m arine a lgae  (P ro v a so li, M cLaughlin and
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Droop 1957) • Some success has been a tta in ed  u sing  commercial
f e r t i l i z e r s  as a  source o f  n u t r ie n ts  (L oosanoff and Engle 19lj2), b u t
the  n u t r i e n t  requ irem en ts f o r  many a lg a l  sp ec ie s  a re  v e ry  s p e c i f ic
and can b e s t  be met by th e  a d d it io n  o f  e x ac t amounts o f  n u tr ie n ts  which
have been  determ ined e x p e r im e n ta lly  as n ecessa ry  fo r  s u c c e s s fu l c u ltu re s
A. N a tu ra l Sea W ater Method
A lthough many m o d ifica tio n s  e? r is t fo r  the  amounts o f th e  n u tr ie n ts
to  be added, th e  form ulae su g g es ted  below w i l l  give good r e s u l t s  f o r
most e s tu a r in e  sp ec ie s  o f  a lg a e . I t  i s  used a t  W .H.O.I. as a g e n e ra l
c u ltu re  medium.
Sea w ater 20 to  28 0 /00  1 l i t e r
HaN03 150 mg.
NaH2P0lt 20 mg.
F e r r ic  Sequestrene  10 mg.
Trace elem ents
CuSOlt 0.0196 mg. (0 .005 mg. Cu)
ZnSOlf O.Olilt mg. (O'.01 mg. Zn)
CoC12 0.022 mg. (0 .005 mg. Co)
MnCl2 0 .3o0  mg. (0 .1  mg. Mn)
Na2Mo0l| 0 .0126 mg. (0 .005 mg. Mo)
V itam ins
Thiamin HC1 0 .2  mg.
B io tin  1 .0  ug.
B-12 1 .0  ug.
S i l ic o n  (n ecessa ry  o n ly  fo r  diatom  c u ltu re s )
Na2Si03 30 to  60 mg. (-:;-)
Ammo2i i a  (re q u ire d  o n ly  fo r  c e r ta in  sp e c ie s )
NHljCl 50 mg.
(■a)This requ irem en t v a r ie s  w ith  the  sp e c ie s , 
c u ltu re  d e n s ity , and n a tu r a l  sea so n a l 
f lu c tu a t io n s  o f  s i l i c o n  i n  sea  w a te r .
For convenience, i t  i s  p o s s ib le  to  p rep are  the above n u t r i e n t  
a d d itio n s  i n  th re e  s to ck  s o lu tio n s  as fo llo w s:
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
- 116-
1 . S a l t s  (•»•)
NaN03 150 mg. To one l a t e r  o f
NaH2P0l} 20 mg. d i s t i l l e d  w a te r .
2 . I ro n  and Trace elem ents (*)
FeSequestrene 10 mg. To one l i t e r  o f
Trace (As g iven  above) d i s t i l l e d  w a te r .
3 .  V itam ins 0 0
(As g iven above) To one l i t e r  o f
d i s t i l l e d  w a ter.
(-;:-) A utoclave a f t e r  p re p a ra t io n  to  s t e r i l i z e .
Since v itam ins o re  no t s ta b le  in  s o lu t io n  
a t  room te m p e ra tu res , t h i s  s to ck  s o lu t io n  
should  be k e p t f ro z e n . By p la c in g  the  
s tock  s o lu t io n  i n  p to  10 c c . screw -cap 
t e s t  tu b e s , i t  can be q u ic k ly  thawed f o r  
u s e .
To p repare  the  c u ltu re  medium, add one m i l l i l i t e r  each o f  s to ck  
s o lu tio n s  1 . ,  2 . ,  and 3 .  to  each l i t e r  o f  sea  w a te r . Only g la s s  - 
d i s t i l l e d  w ater should  be used  to  p rep a re  th e se  s o lu t io n s . M etal 
io n s  c a r r ie d  over from re g u la r  d i s t i l l i n g  appara tu s a re  somewhat to x ic  
to  a lgae  and u s u a l ly  l e t h a l  to  in v e r te b ra te  la rv a e  i n  very  low concen­
t r a t io n s  .
I n  o rd e r to  assu re  th a t  o th e r  sp e c ie s  o f  a lgae th a t  occur n a tu r a l ly  
i n  sea  w a ter w i l l  no t contam inate a c u l tu r e ,  i t  i s  n ecessa ry  to  b o i l  
the  w a ter fo r  5 to  10 m inutes and th e n  coo l i t  p r io r  to  th e  a d d it io n  o f  
th e  d e s ire d  a lg a l  innoeulum . The same procedure i s  fo llow ed  b e fo re  
adding f r e s h  medium to  a c u l tu r e . B a c te r ia l  con tam ination  i s  th e reb y  
k e p t a t  a minimum s in ce  s t e r i l e  s to ck  s o lu tio n s  o f  n u tr ie n ts  are  
employed w ith  the  e x ce p tio n  o f  th e  v itam ins which are  d estro y ed  by h e a t .
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The b e s t  r e s u l t s  a re  u s u a l ly  o b ta in ed  i f  s t e r i l e  tech n iq u es  a re  
used th roughout g iv in g  b a c te r i a - f r e e  c u l tu r e s .  I t  i s  d i f f i c u l t ,  however, 
to  m a in ta in  s t e r i l e  c u ltu re s  under co n d itio n s  o f  ro u tin e  rem oval o f  
c u ltu re  and a d d itio n  o f  f r e s h  medium. Thus a l l  c u l tu re s  u sed  i n  t h i s  
s tu d y  fo r  feed in g  la rv a e  were co n sid e red  to  have b a c te r i a  p r e s e n t .
B. A r t i f i c i a l  Sea W ater Method
This method was developed a t  W .H.O.I. by Turner (unpub lished) as a 
means o f  avo id ing  th e  b o i l in g  o f  la rg e  q u a n t i t ie s  o f  sea  w a te r fo r  the 
p re p a ra t io n  o f  m edia. While i t  i s  much the  s im p le r method to  employ, i t  
w i l l  no t give good r e s u l t s  xsrith a l l  sp ec ie s  o f  m arine a lg a e . The method 
was f i r s t  used  to  supp ly  la rg e  volume c u ltu re s  o f  phaeodactylum  tr ic o rn u tu m .
By reducing  the  s a l i n i t y  o f  the  sea  w a te r from 30 o/oo to  approx im ate ly
27 o /oo , th e  au tho r was ab le  to  ex ten d  th e  method to  grow c u ltu re s  o f  
N annochloris atomus as w e l l .  These two sp ec ie s  were th e  on ly  ones th a t  
could be grown s u c c e s s fu lly  by th i s  method. I t  seems p ro b a b le , however, 
th a t  by f a r th e r  m odifying the  method to  mahe use o f added n u tr ie n ts  fo r  
enrichm ent r a th e r  th a n  th e  u se  o f  commercial f e r t i l i z e r  fo r  t h i s  pu rpose , 
i t  could be used to  grow o th e r  a lg a l  s p e c ie s .
Tap w ater 1 l i t e r
"Nepture S a l ts "  (Appendix I I )  30 gm.
This w i l l  make an approxim ate 30 0/00
Nutrients are supplied by the addition o f 2 to  3 
grams o f commercial f e r t i l iz e r ,  "Vigoro," to the 
i n i t i a l  10 l i t e r s  o f  medium and a sim ilar amount 
with every alternate addition o f  $ l i t e r s  o f fresh  
medium.
S ince  th e  chem ical tre a tm e n t o f  p u b lic  w a te r s u p p lie s  v a r ie s  
c o n sid e rab ly  i n  d i f f e r e n t  a re a s , th e  use o f  ta p  w a te r  may n o t always r e s u l t
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
-118-
i n  su c c e ss fu l a lg a l  c u l tu r e s .  I f  i t  i s  su sp e c t t h a t  c h lo r in a t io n ,  
copper a d d it iv e s  o r  o th e r  tre a tm e n ts  a re  e x c e s s iv e ly  h igh , i t  w i l l  be 
ns os s s mI* jr to  use d i s t i l l e d  w ater to  p rep a re  medium by th i s  m ethod.
A gain, o n ly  g l a s s - d i s t i l l e d  w a ter shou ld  be u sed .
Pure c u ltu re s  o f  v a rio u s  m arine a lg ae  can be m a in ta in ed  i n  t e s t  
tubes on s o l id i f i e d  agar medium u s in g  techn iques s im ila r  to  th o se  fo r  
th e  c u ltu re  o f  b a c te r ia .  The tu b es  shou ld  be s to re d  a t  approx im ate ly  
18° C. in  a w e ll l ig h te d  room. A g e n e ra l p r a c t ic e  i s  to  use screw -cap 
tu b es  w ith  th e  caps lo o s e ly  s e a te d . T his allow s access  to  th e  a i r  w hile  
m inim izing b a c t e r i a l  co n tam in a tio n . C otton  p lugs se rv e  e q u a lly  w e ll f o r  
t h i s  p u rp o se .
The i s o l a t i o n  and i d e n t i f i c a t i o n  o f  marine a lg ae  re q u ire s  
co n sid e rab le  experience  (Droop 19%k) • In  a d d it io n , th e  s tu d y  o f  the  
n u t r i e n t s , t r a c e  e lem en ts , and v itam in  requ irem en ts  o f  a lg ae  i s  a 
s p e c ia l iz e d  f i e l d  o f  b o ta n ic a l  r e s e a rc h . T h e re fo re , i t  seems w orthw hile 
to  re c o rd  fo r  th e  New England a re a  th o se  la b o ra to r ie s  where a  v a r ie ty  o f  
s to ck  c u ltu re s  a re  r o u t in e ly  m a in ta in e d . These a re  :
1 .  Woods Hole Oceanographic I n s t i t u t i o n ,
Woods H ole, M assachusetts
2 . Haskins L a b o ra to r ie s ,
305 E . Ii3rd S t r e e t ,
New York 19, N. Y.
3 • B io lo g ic a l L abora to ry ,
U. S . Bureau o f  Commercial F ish e rie s- ,
M ilfo rd , C onnecticu t
A lthough i t  i s  n o t a  d i r e c t  fu n c tio n  o f  th e se  la b o r a to r ie s ,  th e  
m ic ro b io lo g is t on th e  s t a f f  i s  u s u a l ly  w i l l in g  to  su p p ly  o th e r  re s e a rc h  
w orkers w ith  an amount o f  a lg ae  s u f f i c i e n t  to  s t a r t  la rg e  c u l tu r e s .  S ince 
some a lg a l  sp e c ie s  have v e ry  s p e c i f ic  n u t r i e n t  req u irem en ts , i t  i s  w e ll to
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in q u ire  about t h i s  p r io r  to  attem pting to  grow c u ltu r e s  o f  a lg a e  oth er  
than  th o se  l i s t e d  in  t h is  s tu d y .
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APFENDK I I  -
SPECIAL EQUIPMENT AND MATERIAL
Item Source
Im m ersion h e a tin g  rods C entral S c i e n t i f i c  Supply, 
79 Amherst S tr e e t ,  
Cambridge, M assachusetts
Immersion therm ostat Fenwal I n c . ,
A shland. M assachusetts
Lead h ea tin g  c o i l ,  f l e x i b l e ,  
I|0 fo o t  -  35>0 w a t ts .
S ea rs , Roebuck and Co., 
B oston , M assachusetts
Neon l i g h t  tubes Made on order in  d e s ir e d  
s iz e  by most companies 
m anufacturing neon s ig n s .
n Nepture S a l t s ’* W esterch ester Aquarium 
Supply Company, 
bSb Mamaronect Avenue 
White P la in s , New York
Wire sc r e e n s , s t a in le s s  s t e e l  
No. 100 1 )j9 m icron mesh
No. 250 61 m icron mesh
No. 325 Itb m icron mesh
Newark Wire Cloth C o., 
Nexjark, New J ersey
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APPENDIX H I .
STATIONS AT WHICH POLINICES WERE COLLECTED
S ta t io n L ocation
B arn stab le  H arbor, 1)1° 1)3' N
M assachusetts 70° 20 ' ¥
Menemsha Harbor, 1)1° 20 ' N
M assachusetts 69° 1)6 ' W
Q u is se tt  H arbor, hl° 32' N
M assachusetts 70° 1)0 ' W
S t .  Andrews, 1)5° 05' N
New Brunswick 67° ol)* W
S ta rb o a rd  Is la n d , l)l)° 36' N
M achias, Maine 67° 231 W
V ineyard Sound, 1)1° 30 ' N
M assachusetts 70° 35' W




S pecies P re se n t 
P . d u p lic a tu s
P. t r i s e r i a t a
P . d u p lic a tu s
Egg c o l la r s  o f 
P . t r i s e r i a t a  and 
P . heros
Egg c o l la r s  o f  
P. t r i s e r i a t a
Egg c o l la r s  and 
specimens o f  
p . heros
P . heros




F igure  P la te
1 . S h e ll  o f  P o lin ic e s  he ro s  . 1
2 . Egg c o l l a r  o f  P . d u p lic a tu s  1
3 • Egg capsu les o f  P . d u p lic a tu s  2
1). Egg c o l l a r  o f  P . heros 2
$. Egg c o l l a r  o f  P . t r i s e r i a t a  3
6 . P. heros c a rry in g  a s o f t - s h e 11 clam , Hya a re n a r ia  3
7. P . heros feed in g  on a sm all quahog, M ercenaria  m ercen a ria  U
8 . Phy top lank ton  c u ltu re  arrangem ent h
9 . Components o f  neon l i g h t  u n i t s  used  i n  carboys $
10. S h e ll  o f  P . heros i n  a p ic a l  view 6
11. S h e l l  o f  P . heros i n  a p e r tu re  view 6
12. S h e ll  o f  P . d u p lic a tu s  i n  a p ic a l  view 7
13. S h e ll  o f  P . d u p lic a tu s  i n  a p e r tu re  view 7
i l l . S h e l l  o f  P. t r i s e r i a t a  i n  a p ic a l  view 8
15. S h e l l  o f  P . t r i s e r i a t a  i n  a p e r tu re  view 8




. S h ell o f  P olin ices heros.
Line drawing showing various 
s h e ll  measurements and morpho­
lo g ic a l terms mentioned in  the 
te x t .
Egg co lla r  o f p. d up licatus.
The scalloping along basal rim 
i s  ch aracteristic  o f  the co lla r  
o f  th is  species (X l /2 )  •
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PLATE 2
Figure 3 - Egg cap su les  o f P . d u p l ic a tu s .
Photom icrograph o f  an unsanded 
p o r t io n  o f  the  egg c o l la r  (X ll;0 ) .
F igure  I4. Egg c o l la r  o f  P . heros (X l / 2 ) .
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PLATE 3
Figure f>*
F igu re  6 .
Egg c o l l a r  o f  p .  t r i s e r i a t a  
( n a tu r a l  s i z e ) . “
P . heros c a rry in g  a  s o f t - s h e l l  clam, 
Mya a r e n a r i a , ( n a tu ra l  s i z e ) .
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*• ^e ro s  feed in g  on a sm all quahog. 
M ercenaria m ercen a ria , ( n a tu r a l  s i z e ) .
. P hytoplankton  c u ltu re  arrangem ent. 
F iv e -g a llo n  carboy c o n ta in e rs  showing 
a i r  and w a te r-co o lin g  tubes a tta c h e d .
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PLATE 5
Figure 9• Components o f  neon l ig h t  un its used in  
carboys= L eft to r igh t: a ir  tube.,
neon tube, and test-tu b e water jacket.
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PLATE 6
Figure 10 . S h e l l  o f  P . heros i n  a p ic a l  view (X 2 ) .
F igu re  11 . S h e ll  o f  P . heros i n  a p e r tu re  view (X 2 ) .
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PLATE 7
Figure 12 . S h e ll o f  P. dup licatus in  a p ica l view (X 2 ) .
F ig u re  13 . S h e l l  o f  P . d u p lic a tu s  i n  a p e r tu re  view (X 2 ) .
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PLATE 8
Figure l l | .  S h e ll o f  P. t r is e r ia t a  in  a p ic a l view (X 3 ) .
Figure 1 Shel l  o f  P. tr ise r ia ta  in  aperture view (X 3 ) .
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